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ABSTRACT
A SEMANTICS-BASED APPROACH TO CONSTRUCTION COST
ESTIMATING
Mehrdad Niknam
Marquette University, 2015
A construction project requires collaboration of different organizations such as
owner, designer, contractor, and resource suppliers. These organizations need to exchange
information to improve their teamwork. Understanding the information created in other
organizations requires specialized human resources. Construction cost estimating is one of
the processes that requires information collected from several sources including a building
information model (BIM) created by designers, estimating assembly and work item
information maintained by contractors, and construction resource cost information
provided by resource suppliers. Currently, it is not easy for computers to integrate the
information for construction cost estimating over the Internet.
This study discusses a new approach to construction cost estimating that uses the
Semantic Web technology. The Semantic Web technology provides a data modeling format
and the required infrastructure that enables accessing, combining, and sharing information
over the Internet in a machine processable format. The estimating approach presented in
this study relies on BIM, estimating knowledge, and construction material cost data to be
represented in the Semantic Web. The approach presented in this study makes the various
sources of cost estimating data accessible as Simple Protocol and Resource Description
Framework Query Language (SPARQL) endpoints or semantic web services. This study
presents an estimating approach that integrates distributed information provided by project
designers, contractors, and material suppliers for preparing cost estimates. The purpose of
this study is not to fully automate the estimating process but to streamline it by reducing
human involvement in repetitive cost estimating activities.
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CHAPTER 1
INTRODUCTION
The construction cost estimating process is a time consuming process that includes
a number of repetitive activities to integrate information from different sources.
Automating some of the human-involved activities in the cost estimating process can
improve the efficiency of cost estimators. In order to make the repetitive work involved in
the cost estimating process computer processable, it is argued in this dissertation that the
formats for representing construction data must change. Currently construction data are
represented in text, relational, object-oriented, or XML formats. To facilitate exchanging
and integrating information, the semantic data format is suggested and applied to the
estimating data. The purpose of this dissertation is not to fully automate the estimating
process but to streamline it by reducing human involvement in repetitive cost estimating
activities. In order to better understand the time consuming aspects of construction cost
estimating, in the following section the current computerized cost estimating process is
briefly explained.

1.1 Current Estimating Applications
Current computerized construction cost estimating applications break a
construction project into assemblies of work items. An estimating assembly represents a
building element and includes the work items that must be completed for the construction
of the building element. For example, an estimating assembly for a footing element
includes work items such as forming, reinforcing, and placing concrete. The cost of an
assembly is the sum of the work item costs included in the assembly. Figure 1-1 shows the

2

general architecture of the current estimating applications. As Figure 1-1 shows, a cost
estimating application keeps built-in databases of estimating assemblies and work items
along with the work item properties such as crew make-ups, crew productivities, and
resource (material, equipment, and labor) costs.

Figure 1-1: Current estimating application

To estimate the cost of a work item, an estimator needs to (A) obtain the required
information from the design model of the project to calculate work item quantities and (B)
update unit costs of the work item resources based on the information from suppliers. These
steps are time consuming as explained below:
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A) Obtaining the required information from the design model of the project to
calculate work item quantities
With the advent of 3D modeling, a model of a building can be digitally
represented which is referred to as a Building Information Model (BIM) (Azhar
2011; Cerovsek 2011; Teicholz et al. 2011; Gu and London 2010). Currently,
estimators can digitally extract information from a BIM and transfer it to an
estimating application in order to calculate work item quantities. Current
commercial estimating applications use proprietary add-in programs for this
purpose. An add-in program is designed to retrieve information from an application.
For example, WinEst (WinEst 2015) estimating software has an add-in program
that transfers BIM element properties from an Autodesk Revit (Autodesk 2015a)
model to a WinEst spreadsheet.
To transfer information from BIM to an estimating software, an estimator
maps the information as shown in Figure 1-2. The mapping process involves 2 steps
as follow:
1) Map BIM elements to their corresponding estimating assemblies. An example
is mapping a rectangular footing element in BIM to a spread footing assembly
in the estimating software.
2) Map BIM element dimensions to the estimating assembly dimensions for
calculating work item quantities. For example, mapping the dimensions of a
BIM footing element to the corresponding estimating assembly dimensions.
The estimator needs to repeat the mapping process for each building element
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and element dimension (e.g. length, width, and thickness) separately which is a
time consuming process.

Figure 1-2: Mapping information from a BIM element to an estimating
assembly
Among the 2 steps mentioned above, step 1 requires estimator judgement
and cannot be easily automated. For example, there might be some rectangular
footings in a building project which may or may not need formwork. This means
that there should be 2 different assemblies in the estimating application one with
and one without formwork work item. Therefore, generally human judgement is
required for executing step 1. On the other hand, step 2 can be easily automated if
estimating assemblies and BIM elements are semantically defined, which is one of
the objectives of this study.

B) Updating unit costs of work item resources based on information from
material suppliers
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Another time consuming activity in construction cost estimating is updating
an estimating application’s resource cost databases. Current estimating applications
keep built-in databases of resource unit costs. Since resource costs are affected by
economic conditions and change based on supply and demand, an estimating
application’s unit-cost databases must be updated before performing a new
estimate. Currently, resource suppliers’ information is provided in a format that is
suitable for human consumption and cannot be directly used by computers. That is
why current estimating application resource cost databases are manually updated.
The process of updating an estimating application resource cost database is time
consuming and requires estimator involvement for obtaining the latest unit costs
from various suppliers. One of the objectives of this study is to semantically define
suppliers’ product information in order to allow automated updating of estimating
unit cost databases.

1.2 Current Challenges for Integrating Information from Different Sources
The estimating process requires accessing and combining data from different
sources. These sources include BIM created by designers, estimating assemblies and work
items created by contractors, and resource cost data provided by suppliers. Among the
factors that make data sharing and integration difficult are the variety of formats used for
storing data and the ambiguities created when several synonym words refer to the same
entity or a term refers to several concepts (Baker and Cheung 2007).
Currently, sources of data used in estimating are created in heterogeneous data
formats. For example, BIM data are in relational (e.g., ODBC), object (e.g., IFC), or XML
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(e.g., ifcXML, gbXML) databases, estimating assembly and work item data are usually in
relational databases, and material suppliers’ product data are provided in text, HTML or in
XML formats. In addition to heterogeneous data formats, there are many synonyms for the
same entity. For example, different databases may use spread footing, column footing, or
rectangular footing to refer to a footing. Another example is the height dimension of a
footing that may also be referred to as depth or thickness. Besides synonyms, the same
term can be used to represent different concepts which can cause ambiguity. For example,
the term “area” may be used to refer to an element’s surface area or the element’s formwork
area.
The above mentioned challenges cause problems in integrating information from
different sources.

1.3 Using the Semantic Web for Information Modeling
Representing construction cost estimating information in a computer processable
format can greatly improve estimator’s efficiency (Niknam and Karshenas 2013; Niknam
and Karshenas 2015a). The Semantic Web (W3C Standard 2015b) aims to solve the
information integration problem (Baker and Cheung 2007). The Semantic Web uses a
graph structure to represent information. When information is represented as a graph, it is
easy to link and merge graphs of information from different sources. Uniform Resource
Identifiers (URIs) (W3C 2005) are used in the Semantic Web to globally identify each
piece of data. The graph data structure of the Semantic Web along with URIs provide a
global information space of interlinked data distributed on the web (Cyganiak and Jentzsch
2010). The Semantic Web technology provides the infrastructure and the data modeling
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format which allows computers to process, merge and combine information over the
Internet.
In this dissertation, a semantics-based estimating approach is presented that
combines information from a semantically defined BIM knowledge base, an estimating
assembly knowledge base, and resource suppliers’ semantic web services to prepare a cost
estimate. This study investigates how such knowledge bases and semantic web services
can be developed and how a semantics-based estimating application can access these
distributed sources of information over the Internet to prepare a cost estimate. This study
also investigates how a semantics-based estimating application can reduce human
involvement in the estimating process by streamlining the mapping of BIM elements to
estimating assemblies, and performing estimating material resource cost database updates.

1.4 Organization of Dissertation
This dissertation is organized into 7 chapters. Following the present introductory
chapter, Chapter 2 will present current challenges for integrating distributed sources of data
for construction cost estimating. Chapter 2 introduces relational databases, object-oriented
databases, and Extensible Markup Language (XML) as the current practices for
information modeling. The limitations of the current approaches for transferring and
integrating information between different domains will be discussed. In chapter 2, the
advantages of the Semantic Web technology for integrating distributed sources of data will
be discussed. Also, architecture of a semantics-based estimating application will be
explained which accesses distributed domain knowledge bases that are created by different
domain experts: BIM knowledge bases created by designers, estimating assembly and work
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item knowledge bases created by cost estimators, and material suppliers’ product
knowledge bases created by material suppliers. Chapters 3, 4 and 5 will discuss the required
ontologies and the methodologies for creating the required knowledge bases.
Chapter 6 will describe a prototype estimating application based on the estimating
architecture presented in chapter 2. It will explain software implementation and use cases
developed in this study. Chapter 6 will also validate the prototype estimating application
by comparing it to WinEst estimating software for the time it takes to prepare a cost
estimate. A summary of the dissertation, the main conclusions as well as recommendations
for future work will be given in Chapter 7.
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CHAPTER 2
INTEGRATING DISTRIBUTED SOURCES OF DATA FOR CONSTRUCTION
COST ESTIMATING
The estimating process requires accessing and combining data from different
sources. These sources include BIM created by designers, estimating assemblies and work
items created by contractors, and resource cost data provided by suppliers. Currently,
different sources of data used in cost estimating are created in heterogeneous data formats.
For example, BIM data are stored in relational (e.g., ODBC), object (e.g., IFC), or XML
(e.g., ifcXML, gbXML) databases; estimating assembly and work item data are usually
kept in relational databases; and material suppliers’ product data are provided in text,
HTML, or XML formats. When distributed sources of data are in heterogeneous data
formats, computers cannot easily combine and integrate the data.
Another factor that complicates integration of data from several sources is the use
of different terminologies for referring to the same entity. For example, different databases
may use spread footing, column footing, or rectangular footing to refer to a footing element
in a building. Another example is the height dimension of a footing that may be referred to
as depth or thickness. One more factor that complicates the integration of distributed data
is using the same word to refer to different concepts. For example, the term “area” may be
used to refer to an element’s surface area or the element’s formwork area.
In this chapter, sections 2.1, 2.2 and 2.3 discuss relational, object-oriented, and
Extensible Markup Language (XML) formats for representing data and their limitations
for integrating data from different domains. Section 2.4 presents the Semantic Web
approach to data modeling and its advantages for combining data from several distributed
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sources. Section 2.5 discusses the architecture of a semantics-based cost estimating
application developed in this study.

2.1 Data Stored in Relational Databases
A relational database is a digital database that organizes data into one or more tables
of rows and columns. Each entity type in a database has its own table where rows represent
instances of that type, columns represent properties, and cells are particular values for those
properties. Relational databases usually include relations among database tables.
Relational databases are useful for storing large volumes of data and easily adding or
updating the data using transactions.
However, schema rigidity of relational databases causes problems for integrating
data from different sources (Bergman 2009). Once the data schema and data relationships
are set, it is not easy to change them. Different sources of data in different domains usually
have different data schemas. This means that if one needs to integrate data from two
different domains, he/she cannot easily transfer data from one domain database to the other
because of differences in database schemas.
To integrate data from two domains when data are stored in two separate relational
databases, one needs to know the schemas of both databases. This is not always possible
considering the fact that the schemas of relational databases are local and cannot be easily
accessed. Even if one knows schemas of different domains, he/she has to write very
complicated queries to combine and integrate the databases (Alexander 2013), which is
very time consuming and cannot be easily automated. It is also worth mentioning that
combining different domain databases would result in data duplication.
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According to W3C, some of the challenges for integrating data from relational
databases are (Malhotra 2007):
•

Relational databases are relatively flat with little semantic information. Data
is often fragmented and although Key and Foreign Key relationships are
indicated in the catalog, these are merely hints about the semantics of the
data.

•

Relational databases are often insular, built for a single purpose with access
restricted to a particular group.

•

Corresponding or analogous data in one database might be represented in a
different number of tables in other databases.

•

Corresponding or analogous data in one database might be represented in a
different number of columns in other databases.

•

Corresponding or analogous data in one database might be represented in a
different number of rows in other databases.

•

Corresponding or analogous data in one database might be represented
using different values or vocabularies in another database; or the same
values in the various databases might mean different things.

The above mentioned challenges mean that even if all distributed sources of data
needed for construction cost estimating are stored in relational databases, combining and
integrating the data would be very challenging.

2.2 Data Stored in Object-Oriented Databases
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An object-oriented database is a digital database in which information is
represented as objects where each object has some attributes (properties). Object-oriented
databases usually map very well to the object models of the programs that use them
(Cunningham & Cunningham 2014). So, the programmer can maintain consistency
between a database management system and the programming language. However, objectoriented databases have limitations. According to W3C, Some of the limitations of objectoriented systems for information sharing are (SWBPD 2006):
•

The domain schema is local and cannot be shared on the Internet and among
computer applications.

•

It is not easy to dynamically modify data schemas because data schemas
should map very well to the object models of the programs that use them.
Any changes in data schema require revising the software programming
code written for the schema.

•

To model the same objects in two different domains, each domain develops
its own class hierarchy. For example, the same building would be modeled
with two different class hierarchies in the BIM and the estimating domains.
So, the same element in the same building would belong to two different
classes that cannot share instances and their properties.

The above-mentioned limitations make it difficult to exchange and combine AEC
information stored in object databases.

2.3 Data Stored as Extensible Markup Language (XML)
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Internet is a platform for exchanging information. When two organizations work
with each other, they establish Internet connections for different purposes. Extensible
Markup Language (XML) (http://www.w3.org/XML/) is a serialization format that enables
different programs and computers to communicate with each other over the Internet. XML
allows business partners to develop fast and reliable communication platforms. In AEC
domains, XML standards have been developed to facilitate information exchange. Some
of the common standards are listed below:
•

ISO 10303-28 (STEP-XML) (http://www.steptools.com/library/standard/)
is a standard data model for exchanging product digital data. 3D objects in
Computer Aided Design (CAD) can be represented in STEP. It enables
businesses to describe products and exchange product information
independent of the system being used.

•

ifcXML

(http://www.buildingsmart-tech.org/)

is

developed

by

buildingSMART to describe building and construction industry data. It’s a
commonly used collaboration format in building information modeling.
buildingSMART publishes IFC specifications in different formats including
XML. IFC is an official ISO standard.
•

AecXML working group was formed to develop schemas for the exchange
of

AEC-specific

business-to-business

(http://xml.coverpages.org/aecXML.html).

information

Later, Associated

General

Contractors of America (AGC) funded AgcXML (http://agcxml.org)
project as part of AecXML domain to ensure compatibility with related
efforts. AgcXML project, managed by National Institute of Building
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Sciences, enables efficient and reliable exchange of transactional data
between architects, engineers, contractors, subcontractors, material
suppliers, and building owners (http://agcxml.org). AgcXML allows design
and construction professionals to exchange information such as
owner/contractor agreements, schedules of values, requests for information
(RFIs), requests for proposals (RFPs), architect/engineer supplemental
instructions, change orders, change directives, submittals, applications for
payment, and addenda.
•

Construction IT Alliance eXchange (CITAX) was an Irish construction
industry project to define universal set of XML message standards to allow
suppliers and contractors exchange information with each other (Hore and
West 2007). The overall aim of the project was to facilitate business
transactions between companies in the Irish construction industry.

•

Construction Operations Building Information Exchange (COBie)
(http://www.nibs.org/?page=bsa_cobie) is

an

information

exchange

specification for the life-cycle capture and delivery of information needed
by facility managers. COBie can be used during design, construction and
maintenance of a project. Aim of COBie is to assist the facility manager to
maintain, operate, and track assets within the building. COBieLite is a
lightweight XML format for COBie, which was published by
buildingSMART in April 2013.
•

CityGML (http://www.opengeospatial.org/standards/citygml) is an XML
data format for storing and exchanging 3D city models. CityGML defines
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entities, attributes, and relations of a 3D city model with respect to their
geometrical and topological properties.

It can be used in different

applications such as simulations, urban data mining, facility management,
and thematic inquiries.

XML standards address structural and syntactic issues but not the semantics of
information. XML is a serialization format for encoding information so that it can be parsed
when it is passed between machines; the challenge is that other programs in order to be
able to read an XML file require a special programming code (Cambridge 2015). Using
XML standards can facilitate the information integration task; however, standards have
built-in flexibilities that require developers’ great effort to come to an agreement on how
to exactly implement the standard in XML (Bussler 2002). XML allows representing the
same data in different ways (Sequeda 2012; Berners-Lee 1998). For example, consider a
wall element that has a length property. An XML representation of the wall is:
<element>
<title>wall001</title>
<length> L1</length>
</element>
Other XML representations of the same information are:

or,

<element title=”wall001”>
<length> L1</length>
</element>
<length>
<element>wall001</element>
<name> L1</name>
</length>
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or,
<document href="wall001">
<length> L1</length>
</document>
or,

or,

<document>
<details>
<element>href="wall001"</element>
<length>
<name> L1</name>
</length>
</details>
</document>
<document>
<length>
<element>href="wall001"</element>
<details>
<name> L1</name>
</details>
</length>
</document>

or,
<document href="wall001" length=" L1" />
This means that if one domain creates an XML representation of their information,
other domains require custom program coding to read that information. The temporary
nature of construction projects makes this even more complicated. Organizations involved
in construction projects reorganize from project to project, which makes it difficult to
establish and maintain XML based Internet connections between organizations working
together on a temporary basis.
In XML documents, information is modeled as a tree with a root. This makes it
difficult to link data across XML documents. Xlink was an XML linking language to link
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information between XML documents that failed to gain adoption. Figure 2-1 shows an
example of integrating XML information between two different domains. At the top of
Figure 2-1, two domains named domain A and domain B represent their information in
XML; in the case of construction projects, these domains may be the design and cost
estimating domains. In Figure 2-1, node X may represent a footing element with design
properties such as length, width, and thickness. The same footing has estimating properties
such as costs of required resources. To integrate XML information related to object X
between two domains, custom programming is necessary. One reason is that synonyms
may be used in two different domains to represent the same entity. Also, integrating XML
information from two sources requires transferring information from both sources to a new
document which results in information duplication.

18

Figure 2-1: XML-Integrating information from two domains

The following section introduces the Semantic Web technology and the advantages
of the Semantic Web for integrating information from different domains without
information duplication.
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2.4 The Semantic Web
The current web provides the infrastructure for distributed network of web pages
that refer to each other using Uniform Resource Locators (URLs), which is suitable for
human consumption. The Semantic Web is a network of linked (connected) data that are
machine processable (Allemang and Hendler 2011). The Semantic Web uses a graph data
structure in which each node is an instance that is pointing to other nodes. So, a semantic
representation of a construction project enables project participants to represent their
information in a graph data structure which allows easily connecting and combining their
information about the project (Niknam and Karshenas 2014). The Semantic Web creates
linked distributed information and enables computers to search for and find data distributed
on the Internet. The Semantic Web allows creating data models, drawing meaningful
conclusions, and sharing information on the web and between computer applications
(Hitzler et al. 2011). It allows sharing model schemas and enables computer applications
to process and draw conclusions on data that are created in other sources (Knublauch et al.
2006).
Resource Description Framework (RDF) (W3C RDF Working Group 2014) is a
standard data model in the Semantic Web. There has always been misconception between
XML and RDF. Both XML and RDF are used to represent structured data on the Internet
and move data between computer applications. But, there is a difference between XML
and RDF: XML is a syntax; whereas, RDF is a data model (Sequeda 2012). RDF has
several syntaxes such as Turtle, N3, N-Triples, and XML. The XML syntax is referred to
as RDF/XML (W3C 2004). RDF/XML was the first standard format for serializing RDF.
The followings are the advantages of RDF (Sequeda 2012):
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A) RDF data models are interpretable by computers.
RDF represents information in triples. When information is represented in triples,
there is only one way of representing information. The following shows RDF triple
for the wall element length example that was given in XML:
Subject

Predicate

Object

Wall001

hasLength

L1.

When information is represented in RDF triples, it eliminates the need for custom
programming to access information and interpret changes in RDF triples. In RDF,
even the data schema are represented by RDF triples. This makes it possible to
modify and extend data schema or add different attributes without requiring
changes in programming code of applications that access the information.

B) RDF information can be easily linked and combined
RDF triples can be seen as a graph structure to represent information. When
information is represented as a graph, it is easy to link graphs of information from
different sources. RDF uses Uniform Resource Identifiers (URIs) (W3C 2005) to
uniquely identify each piece of data. The graph structure of RDF along with data
URIs provides a global information space of interlinked data distributed on the web
(Cyganiak and Jentzsch 2010).
Figure 2-2 shows an example of integrating information between two different
domains in RDF. Using RDF, no custom programming is necessary to integrate
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information. When X has the same URI in two different domains, graphs of RDF
information automatically merge without creating any duplication.

Figure 2-2: RDF-Integrating information from two domains

In the Semantic Web, ontologies (W3C Standard 2015a) are used to describe the
organization of information in a domain. Ontologies explicitly define the concepts,
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relationships among the concepts, and the terminology used in a domain of interest (Gruber
1993). Ontologies can be imported and used for knowledge representation, which gives
computers awareness of the organizations of the information distributed over the web. A
domain ontology together with a set of the domain instances constitute a domain
knowledge base (Noy and McGuinness 2001); what can be expressed with an ontology is
stored and used in a knowledge base. The Semantic Web is designed to create distributed
knowledge-based systems (Obitko 2007).

2.5 A Semantics-Based Cost Estimating Approach
An estimating application must be able to access and use design, estimating, and
resource information across organizational, specialty, and geographic divides. In the
Architecture, Engineering and Construction (AEC) industry, design knowledge is provided
by design companies, cost estimating knowledge is maintained by construction companies,
and material resource knowledge is provided by material suppliers. So, a flexible
estimating architecture must allow accessing and using independently created domain
knowledge distributed over the Internet.
The Semantic Web (W3C Standard 2015b) technology is used in this study for
sharing and integrating information distributed over the Internet. Figure 2-3 shows the
Semantic Web based estimating architecture developed in this study. The estimating
application shown in Figure 2-3 uses distributed domain knowledge bases that are created
by different domain experts; for example, designers create BIM knowledge bases,
construction cost estimators create estimating assembly and work item knowledge bases,
and material suppliers provide material cost knowledge bases.
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Figure 2-3: Semantics-based estimating architecture developed in this study

A domain knowledge base can be developed and accessed as a Simple Protocol and
Resource Description Framework Query Language (SPARQL) endpoint (Prud’Hommeaux
and Seaborne 2008) or a semantic web service (Martin et al. 2004b). In this study, BIM
and estimating assembly and work item knowledge bases are created as SPARQL
endpoints and material suppliers’ knowledge bases are created as semantic web services.
SPARQL is a semantic query language that is able to retrieve and manipulate data in a
knowledge base. A SPARQL endpoint knowledge base is directly queried by the estimating
application whereas accessing a semantic web service requires a communication module.
A prototype estimating application is developed in this study that can access these
knowledge bases to create an estimate.
Ontologies are needed to define the organization of information used by the
semantics-based estimating application. A number of methods have been proposed to
create ontologies such as Uschold and King (Uschold and King 1995), Gruber (Gruber
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1995), METHONTOLOGY (Fernández-López et al. 1997), On-To-Knowledge (Sure et al.
2004), DILIGENT (Pinto et al. 2004), and NeOn (Suárez-Figueroa 2012; Suárez-Figueroa
et al. 2012) methodologies. In this study, the NeOn methodology is used because of the
flexibility it provides for a variety of scenarios instead of prescribing a rigid workflow.
NeOn methodology is a scenario based methodology which emphasizes reuse of
ontological and non-ontological resources, the reengineering and merging, and taking into
account collaboration and dynamism (Suárez-Figueroa et al. 2011). The NeOn
methodology divides the general problem of ontology development into nine sub-problems
known as NeOn scenarios (Suárez-Figueroa 2012). Solutions to different NeOn scenarios
are combined to obtain a solution to a general problem.
The estimating architecture shown in Figure 2-3 requires ontologies that define the
estimating domain knowledge. Instead of developing a large ontology that covers all
estimating domain concepts, a separate ontology for each of the knowledge bases shown
in Figure 2-3 is developed. An ontology network is developed that consists of an ontology
for the BIM knowledge base, an ontology for the estimating assembly and work item
knowledge base, and a set of ontologies for material suppliers’ semantic web services.
NeOn scenario 1 documents the ontology requirements that define the purpose,
scope and implementation language of the ontology. The requirements for the ontologies
developed in this study are discussed in chapters 3, 4, and 5 of this dissertation. Ontologies
are implemented in Resource Description Framework (RDF) (W3C RDF Working Group
2014) and Web Ontology Language (OWL) (W3C Standard 2015a). RDF is a standard
data model in the Semantic Web and is used for data interchange on the web. RDF uses
subject-predicate-object triples to represent information which can be seen as a graph of
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data; it facilitates merging data from sources with different underlying schemas and
supports the evolution of data schemas over time without requiring changes in the
applications consuming data. OWL extends RDF to build ontologies and to enhance the
Semantic Web with reasoning power of description logic. RDF and OWL are different
layers of the semantic web that work together to create ontologies, merge data distributed
over the internet, support the evolution of data schemas, and reason on data from different
sources. RDF and OWL enable creating and connecting knowledge bases distributed over
the Internet. In this study, Protégé (Stanford University 2015) software is used to code the
ontologies in RDF and OWL. Protégé is an open source java tool that provides an
extensible architecture for the creation of customized ontologies and knowledge bases.
NeOn scenario 2 requires using non-ontological resources available when
developing a domain ontology. Non-ontological resources include published documents in
the domain of interest for which the ontology should be developed. In this study, nonontological resources related to the estimating domain are used, which include cost
estimating books, and cost estimating references such as RSMeans reference books
(RSMeans 2015), UNIFORMAT II classification system (ASTM standard 2015), and CSI
MasterFormat (CSI 2015).
NeOn scenarios 3, 4, and 5 require reusing, reengineering, and merging existing
ontological resources available, respectively. Scenario 6 suggests both reengineering and
merging existing ontological resources if necessary. In this study, there was no need to
reengineer or merge any existing ontologies. The existing ontological resources that are
used are:
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A)

QUDT ontology (Hodgson et al. 2011): QUDT expresses quantities and
units of measurement. It was developed for the NASA Exploration
Initiatives Ontology Models (NExIOM) project. QUDT provides a
standardized and consistent vocabulary for the terminology used in science
and engineering for representing units of measurements.

B)

Free Class OWL ontology (FC) (BauDataWeb 2015): FC is developed by
the European Building and Construction Materials Database to describe
construction materials and services.

C)

Good Relations ontology (GR) (Hepp 2008; Hepp 2015): GR was
developed to allow businesses semantically defining their product offerings
and publishing them on the web. GR provides a conceptual model for
general concepts such as company, product descriptions, offer, price,
payment, store location, shipment, and warranty information.

D)

OWL-S ontology (Martin et al. 2004b): OWL-S ontology provides
computer-interpretable descriptions of web services and the means by
which they are accessed.

E)

Organization ontology (W3C 2014). This ontology is designed to enable
representation of information on organizations and organizational
structures. Organization ontology provides a generic, reusable core
ontology that can be extended or specialized for use in particular situations

The above mentioned ontologies were imported and reused as will be discussed in
different chapters of this dissertation. Protégé user interface allows importing ontologies
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available on the Internet and reusing them when developing a new ontology. The above
mentioned ontologies are mapped to the ontologies developed in this study when necessary.
NeOn scenario 7 suggests using Ontology Design Patterns (ODPs) as a guide when
developing new ontologies. For ontology development in this study, no ontological design
patterns were used but ontology development benefitted from guidelines and suggestions
in (Stanford University 2015; Allemang and Hendler 2011; Hebeler et al. 2011a; Segaran
et al. 2009a; Noy and McGuinness 2001; Hobbs and Pan 2006).
NeOn scenario 8 is needed when restructuring ontological resources. In this study,
it was not needed to restructure ontological resources. NeOn scenario 9 is required when
localizing ontological resources to other natural languages. Ontologies in this study are
developed in English and there was no need to localize it to other natural languages.
Chapters 3, 4 and 5 will discuss the ontologies and the methodologies for creating
the required knowledge bases shown in Figure 2-3.
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CHAPTER 3
BIM KNOWLEDGE BASE ARCHITECTURE
This chapter presents how a building information model (BIM) can be semantically
defined and saved as a BIM knowledge base. The methodology for creating the knowledge
base is explained.

3.1 BIM Ontology
BIM includes information about building elements such as type, location, level,
material, and geometry. Currently, designers create BIM in a BIM platform (e.g., Autodesk
Revit) and then its information can be converted and stored in XML (e.g., ifcXML,
gbXML), relational (e.g., ODBC) or object-oriented (e.g., IFC) databases. The aim of this
chapter is to represent BIM in the Semantic Web. Ontologies are needed to define the
organization of information in the Semantic Web.
The AEC-FM industry needs a standard ontology that can be used for representing
BIM in the Semantic Web. A number of studies have used EXPRESS-to-OWL conversion
procedures for developing an ifcOWL ontology (Karan et al. 2015; Karan and Irizarry
2015; Pauwels and Terkaj 2014; De Farias et al. 2014; Pauwels et al. 2011b; Pauwels et al.
2011a; Demir et al. 2010; Beetz et al. 2009); however, none of the ifcOWL ontologies have
become a standard yet. IFC schema is also limited and does not cover all the concepts in
various AEC-FM domains.
A large number of individuals and organizations are involved in AEC-FM projects.
When independent individuals and organizations need to share and exchange information
to achieve interoperability, no single ontology can cover all the concepts in every domain
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(O'Leary 1997). Instead of developing a single large ontology to cover all concepts in
various AEC-FM domains, several independent domain ontologies can be developed for
different domains and used for information sharing. To convert information from one
domain to another domain ontology, there must be a set of mappings between domain
ontologies. Ontology alignment is the process of finding the correspondences between
different domain ontologies (Segaran et al. 2009b). But, mapping a large number of
concepts in several domains is not an easy task. Instead of mapping several domain
ontologies directly to each other, one can define a shared ontology to map various related
domains to the shared ontology (Hebeler et al. 2011b). In this method, different domains
must share a set of commonly understood concepts. A shared ontology, also referred to as
a foundation ontology or an upper level ontology, acts as a semantic bridge in the ontology
alignment process (Mascardi et al. 2010). Integrating information from different domains
can happen by establishing connections and relationships between domain ontologies and
a shared ontology (Karshenas and Niknam 2013). Figure 3-1 shows how a shared ontology
can be used as a semantic bridge between multiple domains. In Figure 3-1, the design and
estimating domain ontologies are developed by extending a shared ontology. This
facilitates the integration and connection of various AEC-FM domain ontologies.
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Figure 3-1: Integrating domain ontologies using a shared ontology

In this study, a shared ontology for building information modeling is developed.
The developed BIM shared ontology (BIMSO) can be used as a foundation for creating
other AEC-FM domain ontologies. For example, BIMSO is used as a base to develop a
BIM design ontology (BIMDO) for buildings which represents BIM element design
properties. The following sections describe the methodology used for ontology
development and the structures of BIMSO and BIMDO.
3.2 BIM Shared Ontology (BIMSO)
To develop an ontology, the ontology requirements should be defined. The
followings are the requirements for BIMSO:
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•

Purpose: The purpose of BIMSO is providing a conceptual knowledge model for
building information modeling that can be used by different building domains for
developing domain ontologies. BIMSO is a foundation ontology that can be extended
to create various AEC-FM domain ontologies.

•

Scope: BIMSO is limited to sharing and exchanging building information among
various AEC-FM domains. The scope provides answers to competency questions
related to building elements, levels, spaces, and construction phases.

•

Implementation language: The ontology is implemented in RDF/OWL.

•

Intended end-users: Various AEC-FM domains are considered as the end users.

•

Intended use: The intended use is to provide a semantic bridge for integrating and
exchanging AEC-FM domain information.

In building projects, different AEC-FM domains need to exchange information
about an element or a group of elements in a building. Figure 3-2 shows the main concepts
in BIM shared ontology (BIMSO) developed in this study. The BIMSO ontology can be
used for creating knowledge bases about one or more building elements included in various
phases, levels and spaces of a building project.
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Figure 3-2: BIMSO general view

Every concept and property must be uniquely identified in the Semantic Web. A
Uniform Resource Identifier (URI) (W3C 2005) is used for this purpose. To uniquely
identify concepts in BIMSO, the URI http://www.marquette.edu/BIM_Shared_Ontology#
is defined with the prefix BIMSO. For example, the concept Element is shown in Figure
3-2

as

BIMSO:Element

which

is

equal

to

the

URI

as

http://www.marquette.edu/BIM_Shared_Ontology#Element.
A building project includes a large number of elements such as footings, walls,
windows, and doors. Most of a building project information is about its elements; each
AEC-FM domain creates different types of information about building elements. For
example, designers specify elements’ material properties and geometry, while project
schedulers provide elements’ construction schedule, and suppliers provide element’s
material properties and cost information. If every domain extends BIMSO to develop their
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domain ontologies, it would allow integrating different domain information about building
elements.
To organize building element types in BIMSO, UNIFORMAT II classification
system (ASTM standard 2015) is used. UNIFORMAT II is an ASTM standard which has
been revised by Construction Specifications Institute (CSI) and Construction
Specifications Canada (CSC). UNIFORMAT II has 4 levels that subdivide building
element types as follows:
Level 1: Major Group Element Types
Level 2: Group Element Types
Level 3: Sub-Group Element Types
Level 4: Individual Element Types

UNIFORMAT II level 1 has 7 major groups: A-Substructure, B-Shell, C-Interiors,
D-Services, E-Equipment & Furnishes, F-Special Construction, and G-Building Site Work.
Figure 3-3 shows the top level concepts in BIMSO:Element organized according to the
UNIFORMAT II classification Level 1. A screenshot of BIMSO in protégé software is also
shown in Figure 3-3.
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Figure 3-3: Top level concepts in BIMSO:Element

UNIFORMAT II level 2 divides each major group in level 1 into a number of
element type groups. For example, major group A-Substructure is divided into A10Foundation and A20-Basement Construction. Sub-classes for the top level concepts in
BIMSO:Element are created corresponding to level 2 UNIFORMAT II classification
system. Figure 3-4 shows element type groups defined for major group A-Substructure. In
a similar method, other level 1 major groups are divided into sub-classes.
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Figure 3-4: Sub-classes of top level concept A-Substructure in BIMSO

In level 3 of the UNIFORMAT II, every element type group of level 2 is divided
into sub-groups. For example, A10-Foundation is divided into A1010-Standard
Foundation, A1020-Special Foundations, and A1030-Slab on Grade. Subclasses of element
type groups in BIMSO were created according to the UNIFORMAT II level 3. Figure 3-5
shows sub-groups for A10-Foundation. In a similar method, other sub-groups for the
UNIFORMAT II level 3 element type groups are created.
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Figure 3-5: Sub-groups of A10-Foundation in BIMSO

In the level 4 of UNIFORMAT II, every sub-group is divided into Individual
element types. For example, A1010-Standard Foundation is divided into types such as
A1010110-Strip Footing and A1010210-Spread Footing. Figure 3-6 shows individual
element types of A1010-Standard Foundation in BIMSO. In a similar method, other
individual element types are created.
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Figure 3-6: Individual element types of A1010-Standard Foundation in BIMSO

Figure 3-7 shows a general view of different levels of BIMSO:Element as presented
in Figures 3-3 to 3-6. In Figure 3-7, different levels of UNIFORMAT II are shown on the
left side. Footing-1 is an individual element (or an instance) of type BIMSO:A1010210. In
a similar manner, other individual elements are created.
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Figure 3-7: General view of different levels of element types in BIMSO

Every AEC-FM domain can define new element domain properties and
relationships by extending BIMSO:Element. The following section explains how BIM
design ontology is built by extending BIMSO ontology.

3.3 BIM Design Ontology (BIMDO)
The ontology requirements for BIMDO are defined as follow:
•

Purpose: The purpose of BIMDO is to provide a conceptual model for expressing the
design properties of BIM elements.
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•

Scope: The scope is limited to answer competency questions related to element
identities, sizes, and material properties. BIMDO also responds to competency
questions about element relationships such as hosts and intersects.

•

Implementation language: The ontology is implemented in RDF/OWL.

•

Intended end-users: Intended end-users are various AEC-FM domains.

•

Intended use: Intended use is to create a BIM design knowledge base.

The

prefix

BIMDO

is

used

for

the

BIM

design

ontology

URI:

http://www.marquette.edu/BIM_Design_Ontology#. The BIM design ontology developed
in this study is shown in Figure 3-8. BIMSO:IndividualElement in Figure 3-8 represents
all individual elements in a building project. Every individual element belongs to an
element type in BIMSO (see Figure 3-7). BIM design ontology adds design properties to
BIMSO:IndividualElement as shown in Figure 3-8.
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Figure 3-8: BIM design ontology (BIMDO)

In Figure 3-8, element identities are defined using the data type property
BIMDO:hasIdentity and its sub-properties (e.g. BIMDO:hasDescription, BIMDO:hasID,
and BIMDO:hasModel). Intersect and host relationships between elements are modeled
using object properties BIMDO:intersects and BIMDO:hosts. The object property
BIMDO:hasSize has sub-properties that define element sizes such as length, height,
thickness, and volume. A unit of measurement and a value are defined for each size. The
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QUDT (Hodgson et al. 2011) ontology is used to represent units of measurement. An
element has one or more materials. The Free Class OWL ontology, FC, is used to classify
building and construction materials. FC is developed by the European building and
construction materials database and has over 88 million triples of real business data to
describe construction materials (BauDataWeb 2015). Every material has a number of
qualitative (e.g., cement type) and quantitative (e.g., compression strength) properties.
The implementation of BIMDO in Protégé is shown in Figure 3-9. The left panel
in Figure 3-9 shows the concepts (classes), the middle panel shows the object properties,
and the right panel shows the data type properties defined in BIMDO.

Figure 3-9: BIMDO implemented in Protégé

3.4 BIM Knowledge Base
A knowledge base is an information repository created based on ontologies for
collecting, organizing and sharing domain information (Noy and McGuinness 2001). So, a
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BIM knowledge base is an information repository that is created based on BIM ontologies
for managing information about a specific building project. Figure 3-10 shows the
methodology used in this study for creating a BIM knowledge.

Figure 3-10: BIM knowledge base creation process

A brief description for different components shown in Figure 3-10 is provided
below:
1. Building information model (BIM) is created by designers using a BIM platform (e.g.
Autodesk Revit).
2. BIM ontologies provide the schema for converting BIM to RDF/OWL format before it
can be saved in a BIM knowledge base. Several studies have investigated approaches
based on IFC ontology for this purpose (Karan et al. 2015; Karan and Irizarry 2015;
Pauwels and Terkaj 2014; De Farias et al. 2014; Pauwels et al. 2011b; Pauwels et al.
2011a; Demir et al. 2010; Beetz et al. 2009). In this study, the BIMSO and BIMDO
ontologies are used for organizing BIM data in the RDF/OWL format.
3. A converter module is used to convert BIM data to the RDF/OWL format. Studies that
use the IFC ontology utilize EXPRESS-TO-OWL approaches (Karan et al. 2015; Karan
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and Irizarry 2015; Pauwels and Terkaj 2014; De Farias et al. 2014; Pauwels et al.
2011b; Pauwels et al. 2011a; Demir et al. 2010; Beetz et al. 2009). The converter
module developed in this study extracts Revit model data using Revit application
programming interface (API). Revit API allows access to the graphical and parameter
data of a building information model.
4. A BIM knowledge base is a semantic representation of a building information model
created according to a set of ontologies. As the knowledge about a BIM is extracted, it
is stored in a repository. OpenRDF Sesame triplestore (Sesame 2015) is used for saving
BIM knowledge bases in this study. A Sesame triplestore provides a SPARQL endpoint
interface that allows local and remote (over the Internet) access to its data.
5. A Reasoner software adds logical inference capabilities to a knowledge base. The
Apache Jena library (Apache Jena 2015) and the Pellet Reasoner (Pellet 2014) are used
for this purpose.

The following section presents the organization of a knowledge base for an example
project.

3.5 A Case Study
The building used in this case study is shown in Figure 3-11. The building is called
Engineering Hall and is modeled in the Autodesk Revit BIM platform (Autodesk 2015b).
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Figure 3-11: A 3D view of Engineering Hall

The first step for creating a BIM knowledge base for a building is to assign unique
identifiers to the building and its elements. URIs (W3C 2005) are used as unique identifiers
for Engineering Hall and its elements. Since every building has a designer, the building
model URI is created by adding the name of the building to the URI of its designer. The
URI http://www.ABC_DesignCompany.com# is used for the designer of Engineering Hall
and the prefix abc is assigned to it. So, the URI of the Engineering Hall is
abc:EngineeringHall

which

is

equal

to

URI

http://www.ABC_DesignCompany.com#EngineeringHall.
For BIM element URI, 128-bit global unique identifiers created by the BIM
platform are used. For example, the 128-bit URI that Revit platform generated for a footing
in Engineering Hall is e473e652-35d9-4e71-834b-bc988c0c29ec. In this study, to simplify
references to the footing element, the label Footing-1 is assigned to the 128-bit unique
identifier of the footing.
Figure 3-12 shows a schematic view of the Engineering Hall knowledge base that
shows how instances of phases, floors, levels, rooms, and elements of Engineering Hall are
defined using the BIMSO ontology. A list of the URIs and their corresponding labels is
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shown at the bottom of Figure 3-12. For example, e473e652-35d9-4e71-834bbc988c0c29ec is the URI of a footing labeled as Footing-1. Every instance in Figure 3-12
has a type in BIMSO. For example, Footing-1 is of type BIMSO:A1010210 which is a
spread footing (see Figure 3-6).

Figure 3-12: A schematic view of the Engineering Hall knowledge base
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The rest of this section presents relations and properties of Footing-1. Figure 3-13
shows how Footing-1 is related to the construction phases and building levels defined for
Engineering Hall. Footing-1 belongs to Phase-1 of the Engineering Hall project and located
at foundation level. In a similar method, the Engineering Hall BIM knowledge base
represents all element relations to the building phases and levels. For other elements that
may belong to a room and a floor such as a wall element, relations of the element to floor
and room are defined in a similar method. Examples of a wall element that include element
floor and room and the host and intersect relations between elements are shown in
Appendix A.

Figure 3-13: Footing-1 relations with building phases and levels

In addition to the above-mentioned relations, the BIM knowledge base also
includes building element design properties. Element design properties include element
material and element sizes. The design properties for the Engineering Hall elements are
defined using the BIMDO ontology. Figure 3-14 shows the length, width, and thickness
properties of Footing-1. As Figure 3-14 shows, these properties are multi-valued and need
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a numerical value and a unit of measurement. For example, the length of Footing-1 has
value 2.00 and unit Meter. The QUDT (Hodgson et al. 2011) ontology is used for
representing units of measurement.

Figure 3-14: Footing-1 dimensions
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The element material representation in a BIM knowledge base specifies the material
type and properties. The BIMDO ontology is used for representing element material.
Figure 3-15 shows the representation of concrete material used in Footing-1. As Figure 315 shows, the compression strength of the concrete used in Footing-1 is 250 and its unit is
Kilogram Force per Square Centimeter. Other material properties are included in the
knowledge base in a similar manner. As discussed above, the material types are modeled
using FC ontology (BauDataWeb 2015). Appendix B shows RDF/XML representation of
the footing example.

Figure 3-15: Footing-1 material properties
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CHAPTER 4
ASSEMBLY AND WORK ITEM KNOWLEDGE BASES FOR COST
ESTIMATING
4.1 Assembly and Work Item Ontology
An estimating assembly represents the work items that must be completed for
construction of a building element. For example, an estimating assembly for a footing
element includes forming, reinforcing, and placing concrete work items. Figure 4-1 shows
the estimating assembly ontology developed in this study. To uniquely identify concepts
in

the

estimating

assembly

ontology,

the

URI

http://www.marquette.edu/estimating_ontology# is defined with the prefix mueo. The
purpose of the estimating ontology is to provide a semantic model for estimating
assemblies. The assembly ontology includes assembly properties such as ID, title, special
conditions (e.g., weather condition), assembly cost and a list of work items that are part of
the assembly. The ontology allows adding a list of job conditions that can influence work
item productivities. Currently, no ontological resources are available for estimating
assemblies. In this study, the estimating assembly ontology is organized according to the
UNIFORMAT II classification system; therefore, the ID and title of an estimating assembly
are the same as those of its UNIFORMAT II counterpart. Figure 4-1 also shows a
screenshot of the estimating assembly ontology implementation in Protégé software
(Stanford University 2015).
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Figure 4-1: Estimating assembly ontology

The purpose of the work item ontology is providing a semantic model for
construction work items. The work item ontology developed in this study is shown in
Figure 4-2. The concepts in the work item ontology are extracted from non-ontological
resources including estimating books and estimating references such as CSI MasterFormat
(CSI 2015) and RSMeans reference books (RSMeans 2015).
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Figure 4-2: Work item ontology

The work item ontology shown in Figure 4-2 includes the following concepts:
A)

ID & Title: Each work item has an ID and a title for identification. CSI
MasterFormat (CSI 2015) work item IDs and titles are used to identify work items.
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B)

ItemProductivity: This concept specifies the crew productivity for the work item.
The productivity is affected by labor, equipment and job conditions.

C)

ItemQuantity: This concept represents the quantity of work involved in a work
item. The work item’s quantity is calculated by obtaining information from the BIM
knowledge base.

D)

Resource: This concept defines the type, unit cost, and quantity of resources used
in a work item. It is divided to the following subclasses:
1. Crew: This concept represents the type, unit cost, and quantity of labor or
equipment used in a work item. The quantities for labor and equipment are
calculated based on the crew productivity and work item quantity.
2. Material: This concept defines the type, unit cost and quantity of the
material used in a work item. The quantity of material for a work item is
calculated directly from the work item quantity considering an appropriate
waste factor. The Free Class OWL ontology (FC) (BauDataWeb 2015)
(Ontology URI: http://www.freeclass.eu/freeclass_v1#) is used for
specifying the type of material. FC is developed by the European Building
and Construction Materials Database for describing construction materials.

E)

ItemCost. This concept defines the estimated cost of a work item.

F)

Organization: This concept defines the companies involved in a work item such
as the contractor performing the work, material suppliers, and the inspecting
organization.

The

organization

ontology

(Ontology

URI:

http://www.w3.org/ns/org#) developed by W3C is used in the work item ontology
(W3C 2014).
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The above mentioned ontologies are coded in Protégé software in this study. The
Protégé user interface allows a user to open ontologies available on the web and reuse them
when developing a new ontology. The Organization and Free Class OWL Ontologies are
examples of existing ontologies that are reused in developing the assembly and work item
ontologies.

4.2 Assembly and Work Item Knowledge Base
The above-mentioned ontologies are used to develop RDF and OWL knowledge
bases for estimating assemblies and work items. Figure 4-3 shows a section of this
knowledge base representing an estimating assembly instance for a spread footing element.
In Figure 4-3, mueo represents the estimating assembly and work item ontologies shown
in Figure 4-1 and 4-2. The prefix xyz is used to identify the example company that prepared
the estimating assemblies and work items.
In Figure 4-3, xyz:A1010210_SpreadFooting_7261 is an instance of the
mueo:A1010210 class in the estimating ontology which represents the spread footing class.
The assembly instance has an ID and a title for identification. It also has a cold weather
special condition which affects the productivity. The assembly shown in Figure 4-3
includes

work

items

xyz:D03111345_FormsInPlaceFooting_4152,
xyz:D03211160_ReinforcingInPlace_0151.

xyz:D03311370_PlacingConcrete_2457,
and
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Figure 4-3: A spread footing assembly in the knowledge base

The work items that are part of an estimating assembly are semantically defined
according to the work item ontology shown in Figure 4-2. The semantic representation of
xyz:D03311370_PlacingConcrete_2457 is shown in Figure 4-4. In the list of prefixes, rst
is the prefix for URI of the material supplier for the work item, org is the organization
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ontology defined by W3C (W3C 2014), and fc represents the Free Class OWL ontology
(FC) (BauDataWeb 2015). Multi-valued properties are used to model quantity, material,
crew, productivity, and item cost. The rest of this chapter describes these properties.

Figure 4-4: A placing concrete work item
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Figure 4-5 shows the semantic representation for the quantity of the placing
concrete work item. A set of SWRL (Horrocks et al. 2004) rules are developed in this study
to calculate work item quantities from the BIM element properties. SWRL is a language
that expresses logic rules that are of the form of an implication between an antecedent
(body) and consequent (head) which means that whenever the conditions specified in the
antecedent hold, meaning, they are true, then the conditions specified in the consequent
must also hold. This eliminates the need for manual mapping of BIM element properties to
estimating assembly properties as is practiced in the current estimating applications.

Figure 4-5: Work item quantity representation
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The SWRL rule for calculating the quantity of placing concrete work item is shown
in Figure 4-6a; the graphical representation of the rule components is shown in Figure 46b. The following is a short description of the SWRL rule:

Lines 1 to 4: Footing dimensions are accessed from the BIM knowledge base. In line 1,
?footing refers to an owl individual of type BIMSO:A1010210 which is the
spread footing class. In lines 2 to 4, the values of the footing’s length, width,
and thickness are retrieved.
Lines 5 to 7: A

footing

assembly

(?footingAssembly)

and

its

work

item

(?concreteWorkItem) are retrieved from the estimating knowledge base. In
line 5, ?footingAssembly is assigned to the ?footing element that was
defined in lines 1 to 4. In line 6, the work item type is specified as
mueo:D03311370_PlacingConcrete. In line 7, the work item quantity that
must be calculated is defined as ?concreteWorkItemQuantity.
Lines 8 and 9: The mathematical operations to calculate the placing concrete work item
quantity are defined. In line 8, the ?area is calculated by multiplying
?footingLengthValue

and

?footingWidthValue.

In

line

9,

?concreteWorkItemQuantityValue is calculated by multiplying ?area and
?footingThicknessValue.
Line 10:

The

calculated

work

item

?concreteWorkItemQuantity.

quantity

value

is

assigned

to
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Pellet Reasoner (Pellet 2014) is used to calculate work item quantities based on the
SWRL rules developed. Pellet provides standard reasoning services for OWL knowledge
bases.

Figure 4-6: SWRL rule for calculating placing concrete work item quantity
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The work item shown in Figure 4-4 uses a material resource; the material URI is
rst:ReadyMixConcrete_3256.

A material is defined with properties for material

specifications and unit cost as shown in Figure 4-7. FC ontology is used to represent
material specifications. For example, cement type is specified using its FC URI
http://www.freeclass.eu/freeclass_v1#P_E52 with the label “cement cem”. Unit cost
property of material is a multi-value property that is specified using a currency, a currency
value, and a unit of measurement.
The estimating application sends material specifications to material suppliers’
semantic web services and retrieves the latest material unit cost information. More details
about the FC ontology will be provided in chapter 5.
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Figure 4-7: A concrete material specification and unit cost
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Figure 4-8 shows semantic descriptions of the crew resource used in the placing
concrete work item shown in Figure 4-4. The work item crew consists of a cement finisher,
two laborers, a concrete pump, and a concrete vibrator. Labor properties include labor
classification, specialty, location, cost per hour, and quantity. Friend of a Friend ontology
(foaf) (Brickley and Miller 2012) is used to describe persons, their activities, and their
relations to other persons and objects. Equipment descriptions include classification, cost
per hour and quantity.
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Figure 4-8: Crew representation
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Figure 4-9 shows the multivalued productivity property of a work item; to define the
productivity property a value and a unit of measurement for the value is needed.

Figure 4-9: Productivity

Semantic representation of the multi-valued cost property of a placing concrete
work item is shown in Figure 4-10.
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Figure 4-10: Work item cost representation

The above approach is used to define different estimating assemblies and work
items. RDF/XML representation of the assembly and work item examples given in this
chapter are shown in Appendix C. The assembly and work item ontologies are developed
in Protégé software. Java programming language and Appache Jena (Apache Jena 2015)
library are used for creating assembly and work item instances; the estimating assembly
knowledge base (including ontologies and instances) are saved to an OpenRDF Sesame
triplestore (Sesame 2015). Jena is a Java framework for creating computer applications
using the Semantic Web. Jena includes a collection of tools and Java libraries to support
Semantic Web programming which includes reading, processing, writing, reasoning,
storing, and querying RDF and OWL data. Jena supports SPARQL queries and rule-based
inference engines such as Pellet Reasoner.
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CHAPTER 5
MATERIAL SUPPLIERS’ SEMANTIC WEB SERVICES
This chapter explains material suppliers’ semantic web services as it was shown in
Figure 2-3 in chapter 2. The purpose of this chapter is to provide material supplier products’
information in a way that computer programs can access it over the Internet. This chapter
presents web services technology and how those can be used for information exchange
between material suppliers and an estimating application. The web services technology
have been enhanced with Semantic Web technology which can be referred to as Semantic
Web Services. This chapter presents how material suppliers’ semantic web services are
developed in this study.

5.1 Web Services
Web services provide standard means for interoperability between different
software applications independent of the software platforms and/or frameworks
(http://www.w3.org/TR/ws-arch/#introduction). Web services are designed to support
interoperable machine-to-machine interaction over the Internet. The function of a web
service is usually to supply information and/or exchange or sale of goods or obligations
(Martin et al. 2007). Enterprise applications use service-oriented architecture to
communicate with web services provided by different parties (Li et al. 2010).
Web Services Description Language (WSDL) (http://www.w3.org/TR/wsdl) is an
XML format for describing web service interfaces. Other computer applications interact
with a web service in a manner prescribed in its WSDL descriptions. The interaction
between a computer application and a web service is performed in Simple Object Access
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Protocol (SOAP) (http://www.w3schools.com/webservices/ws_soap_intro.asp) messages
in XML serialization over HTTP. SOAP enables applications running on different
operating systems in different programming languages to communicate information over
the Internet.
A software agent is a program acting on behalf a person or an organization using
web service technologies (http://www.w3.org/TR/ws-arch/#introduction). A provider
agent provides a particular service and functionality on behalf of its owner. Whereas, a
requester agent wishes to make use of a provider agent web service.
Web services can be used in the construction industry to support information
exchange between a contractor and construction material resource suppliers. In the case of
construction cost estimating, a material resource supplier can provide its product cost
information as a web service. Then, an estimating application could send requests to the
supplier web services to retrieve the latest supplier product cost information. In this study,
the service oriented architecture for cost estimating was tested in a computer lab. Figure 51 shows the architecture of an estimating application that accesses a supplier web service.
In Figure 5-1, the estimating application (on the left hand) has a requester agent software
that communicates with a supplier provider agent (on the right hand) to retrieve the latest
material resource cost data. This architecture requires the following steps:
1. A resource supplier and estimating application developer should agree on the
vocabulary and functions based on which supplier should develop its web
service.
2. A supplier should create its web service based on the agreement achieved in step
1.
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3. The supplier sends WSDL descriptions of its service to the estimating
application program developer.
4. Estimating application developer modifies the estimating application
programming codes based on the WSDL descriptions to be able to communicate
with the supplier web service.
5.

After the estimating application programming codes are modified, the
estimating application is able to send construction material resource
specifications to the supplier web service in order to retrieve supplier product
cost information.

6.

Supplier web service queries the supplier database based on the product
specifications retrieved from the estimating application to find the corresponding
product in the supplier database.

7. Database returns product cost information to the supplier web service
8. Supplier web service returns product cost information to the cost estimating
application.
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Figure 5-1: Service-oriented architecture for retrieving material cost data

Web services are designed to support interoperable machine-to-machine
interaction; still, they need human actions as explained in steps 1 to 4 in the above
architecture. The following section describes how Semantic Web Services can overcome
some of the limitations of web services.

5.2 Semantic Web Services
Although service-oriented architecture can facilitate interoperability, still human
involvement is needed in discovering and understanding functions of web services. Web
service technologies operate at the syntactic level (Roman et al. 2005); but, they do not
specify what happens when a service is executed. This means that computer applications
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that use a particular service must be revised if an existing service is modified or a new
service is created. The large number of resource suppliers involved in construction projects
can cause difficulties for estimating application developers. A cost estimating application
would require special programming code for each material supplier web service.
E-COGNOS (Lima et al. 2005) was a European project that developed web services
to manage ontologies in the construction industry. E-COGNOS used other classifications
such as IFC and ISO 12006-3 to develop ontologies. They used aspects of semantic web to
document and update organizational information. E-COGNOS utilized a set of web service
related technologies such as Simple Object Access Protocol (SOAP), Universal Discovery
Description and Integration (UDDI), Web Services Description Language (WSDL), and
XML. Their web services are intended to enable users to manage ontologies for specific
tasks. E-COGNOS is not intended to enable computer applications find and execute web
services provided by other organizations.
Ontologies can be used to semantically describe web services; which are known as
Semantic Web Services (Grasic and Podgorelec 2010). Semantic descriptions of web
services can automate service discovery and execution (Fensel et al. 2011; Niknam and
Karshenas 2015b). In this study, ontologies are used to semantically define resource
suppliers’ web services and map them to estimating resource ontologies. This allows an
estimating application to facilitate resource suppliers’ web service discovery and
execution.
Ready mixed concrete material resource suppliers’ semantic web services were
developed on a server in a computer lab to test the presented semantic web service
approach. To retrieve a material resource cost data, the estimating application
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communicates with a supplier’s semantic web service. Figure 5-2 shows the architecture
of accessing a supplier’s semantic web service. The estimating application developed in
this study uses a requester agent to communicate with a supplier’s semantic web service.
The function of this agent is to send product specifications to the supplier’s semantic web
service and to receive supplier’s product offering information; this type of communication
is in Simple Object Access Protocol (SOAP) format. This new architecture requires the
following steps:
1. A resource offering ontology is needed to model supplier product offering
information that includes product specifications and cost.
2. OWL-S ontology (http://www.w3.org/Submission/OWL-S/) of web services is
needed to provide semantic descriptions of web services.
3. A resource supplier develops its web service in a way that its inputs and outputs
are defined according the resource offering ontology.
4. A converter program reads service WSDL descriptions, resource offering
ontology, and OWL-S ontology to create OWL-S descriptions of service.
5. The converter program sends OWL-S descriptions to the supplier service
provider agent.
6. Supplier provider agent sends OWL-S descriptions of supplier web service to
the estimating application.
7. Estimating application sends product specifications as a SOAP message to the
supplier web service.
8. Supplier web service queries the supplier database to find the corresponding
product information.
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9. The supplier database sends the query results to the supplier web service.
10. The supplier web service sends product offering information to the estimating
application that includes product cost information.

Figure 5-2: Accessing a supplier’s semantic web service

To create a SOAP message, the estimating application’s requester agent accesses
resource offering ontology and web service semantic descriptions (OWL-S descriptions)
over the Internet. These ontologies are discussed below.
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5.2.1 Resource Offering Ontology
The estimating application presented in this study retrieves material resource cost
information from supplier’s semantic web services. Construction material suppliers
provide offerings that include material resource specifications and cost information. A
resource offering ontology is required in order to semantically define construction material
suppliers’ offerings. Good Relations (GR 2008) ontology is used in this study for this
purpose. GR allows businesses semantically define their product offerings and publish
them on the Internet (Hepp 2008); it provides a conceptual model for general concepts such
as company, product descriptions, store location, offer, price, payment, warranty, and
shipment information (Hepp et al. 2009). GR has been adopted and widely used in webbased eCommerce (Ashraf et al. 2011; Fürber and Hepp 2010; Allemang and Hendler
2011). For example, Best Buy and overstock.com, two of the largest retail chains for
consumer products, have used GR to semantically define their product data and publish
them on the Internet. Search engines such as Google also use GR to enhance the
information they provide in response to a search query about a product. In this research,
GR is used to represent semantic descriptions of construction material suppliers’ offerings.
Figure 5-3 shows the ontology for a business entity that offers an offering. In Figure
5-3,

gr

is

the

prefix

of

http://purl.org/goodrelations/v1#.

Good
For

Relations

ontology

example,

URI

gr:Offering

and

equals
equals

to
to

http://purl.org/goodrelations/v1#Offering. In a similar manner the URIs for other concepts
and properties are defined.
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Figure 5-3: Partial view of Good Relations ontology
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An offering has properties such as:
gr:acceptedPaymentMethods,

gr:advanceBookingRequirement,

gr:availabilityStarts,

gr:availabilityEnds, gr:availableAtOrFrom, gr:availableDeliveryMethods, gr:category,
gr:condition,

gr:deliveryLeadTime,

gr:eligibleDuration,
gr:hasBusinessFunction,

gr:description,

gr:eligibleRegions,
gr:hasEligibleQuantity,

gr:eligibleCustomerTypes,
gr:eligibleTransactionVolume,
gr:hasInventoryLevel,

gr:hasPriceSpecification, gr:hasStockKeepingUnit, gr:hasWarrantyPromise, gr:includes,
gr:includesObject, gr:name, gr:serialNumber, gr:validFrom, and gr:validThrough.
At top of Figure 5-3, only unit price specification of an offering is shown. A unit
price specification describes the currency, currency value, and unit of measurement for an
offer. Other properties of an offer are included in the ontology as shown at the bottom of
Figure 5-3 in the Protégé software screenshot. In the protégé screenshot, the left panel
shows classes, the middle panel shows data properties, and the right panel shows object
properties in GR.
A business entity offers its offerings that include a product or services. Figure 5-4
shows the ontology where an offering includes a product or service. Each product or service
is described with quantitative and qualitative values. In Figure 5-4, fc is the prefix of Free
Class OWL ontology to describe construction and building materials as it will be explained
in

the following section.

gr:ProductOrService.

fc:ConstructionAndBuildingMaterials

is

subclass

of
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Figure 5-4: A product or service ontology

5.2.2 Material Ontology
The European Building and Construction Materials Database developed Free Class
OWL ontology (FC) to describe construction materials and services. FC has over 88
million triples of real business information to represent construction material and services
(BauDataWeb 2015). FC is a GR and W3C compliant ontology. FC and GR vocabularies
allow construction material suppliers to semantically define their construction product
offerings. Figure 5-5 shows ready-mix concrete material class in FC ontology. In FC, every
material is described with quantitative and qualitative properties. Several quantitative
properties of concrete such as compressive strength, bending tensile strength, and grain

76

diameter are shown on the left side of Figure 5-5; these FC properties are sub-properties of
the gr:quantitativeProductOrServiceProperty. On the right hand of Figure 5-5, some of the
qualitative properties defined in FC for concrete such as cemenet cem, and concrete
exposure

classes

are

presented;

these

properties

are

sub-properties

of

gr:qualitativeProductOrServiceProperty. Other FC quantitative and qualitative properties
are defined in the ontology in a similar manner. FC assigns labels to different classes and
properties URIs. The URI of the FC labels are shown at the bottom of Figure 5-5.
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Figure 5-5: Ready-mix concrete in FC ontology
In this study, GR and FC are used to develop suppliers’ product offering semantic
web services. Inputs and outputs of suppliers’ semantic web services are defined according
to GR and FC. The estimating application developed in this study uses GR and FC to send
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product specifications to suppliers’ semantic web services and retrieve the latest material
cost information.
Figure 5-6 shows a section of a ready mixed concrete supplier knowledge base
developed in this study. In the list of prefixes, “rst” is the prefix of a ready mix concrete
material supplier URI that equals to http://www.RST_MaterialSupplierCompany.com/#.
So, rst:Offering_1823 defines the unit cost and specifications for a ready mixed concrete
product. GR vocabulary enables suppliers to describe their offerings with information such
as price, accepted payment methods, store location, warranty, available delivery methods,
and advanced booking requirements. Figure 5-6 shows price specification for an offering
that is described with currency, currency value, and unit of measurement. Similarly other
properties of each offer are included in the supplier knowledge base using the GR
vocabulary.
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Figure 5-6: Part of a material supplier knowledge base-Price Specification

Figure 5-7 shows that rst:Offering_1823 includes a ready mixed concrete product
as rst:ReadyMixConcrete_3256. Figure 5-7 shows different properties of this ready-mixed
concrete product such as cement CEM, consistency, compressive strength and concrete
exposure to chemicals, carbon, chloride, frost and wearing. RDF/XML representation of
the example provided in figures 5-6 and 5-7 is given in Appendix D.
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Figure 5-7: Part of a material supplier knowledge base-Material Specification
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Concrete supplier semantic web services are created according to GR and FC
ontologies. The function of these web services is to receive concrete material specification
and return supplier product offering information that includes unit price specifications. The
following section describes OWL-S ontology in order to enable an estimating application
communicate with a supplier semantic web service.

5.2.3 OWL-S Descriptions
Semantic descriptions of suppliers’ web services were created to enable the
estimating application to identify which services must be accessed, prepare input messages
for those services, execute web services, and integrate data returned from the web services
into the estimating knowledge bases. In this study, OWL-S (W3C 2004c) was used to
provide semantic web service descriptions. OWL-S provides computer-interpretable
descriptions of web services and the means by which they are accessed (Martin et al.
2004a). OWL-S is an ontology within the OWL framework of the Semantic Web
technology for describing semantic web services. It enables users and software agents to
discover,

invoke,

compose,

and

monitor

web

services

(http://www.w3.org/Submission/OWL-S/). The estimating application developed in this
study uses these descriptions to learn how to use services. OWL-S provides semantic
descriptions for web services by three sub-ontologies: service profile ontology, process
model ontology, and grounding ontology as shown in Figure 5-8. Below is a brief
description for each of the OWL-S sub-ontologies:
1.

OWL-S service profile ontology provides semantic description of what a service
does along with the limitations, quality, and requirements of the service. The
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estimating application developed in this study uses service profile descriptions to
find an appropriate material supplier web service.
2. OWL-S model ontology describes how to use and request a service. It describes
what happens when that service is requested. The model ontology is also used to
compose and coordinate different web services.
3. OWL-S service grounding ontology specifies communication protocols, message
formats, port numbers, and other details that describe how a web service can be
accessed.

Figure 5-8: OWL-S ontology

Figure 5-9 shows a screenshot of Protégé software that includes OWL-S to describe
construction material suppliers’ semantic web services.

RDF/XML descriptions for a

concrete material supplier semantic web service is given Appendix E.
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Figure 5-9: A screenshot of OWL-S ontology in Protégé
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Supplier semantic web services prototypes for this study were developed using Java
programming language. The inputs and outputs of these web services were defined
according to GR and FC ontologies. OWL-S descriptions of the web services were created
using the OWL-S API, which provides a Java API for programmatic access to create, read,
write, and execute semantic web services.
Using the new estimating approach requires construction material suppliers to
semantically define and publish their product specifications and cost information on the
web as semantic web services. Currently, none of the construction material suppliers use
ontologies for describing their products. However, several large consumer companies such
as Best Buy and Overstock.com have started to use ontologies to semantically define their
products and services for web commerce. These companies have successfully implemented
product offering ontologies such as Good Relations. So, the technology is available if the
construction industry decides to use it.
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CHAPTER 6
IMPLEMENTATION AND VALIDATION
6.1 Implementation
This chapter describes a prototype estimating application developed in this study
based on the estimating architecture presented in chapter 2. In this architecture, an
estimating application accesses a BIM knowledge base, an estimating assembly and work
item knowledge base, and material suppliers’ semantic web services to estimate the cost of
a building project. A cost estimating application is developed in this study using Java
programming language to test the new architecture. OpenRDF Sesame triplestores are used
to store the BIM and estimating assembly and work item knowledge bases. Jena framework
is used to bring the capabilities of Pellet reasoner to the estimating application. A semantic
web service communication module is developed as part of the estimating application using
the OWL-S API.
Figure 6-1 shows the use cases developed in the prototype estimating application.
The most basic functionality for an estimating application are provided in the prototype.
As shown in Figure 6-1, an estimator selects a building model, prepares a list of material
suppliers, defines estimating assemblies and work items, maps BIM elements to estimating
assemblies, and performs an estimate. To perform these activities, estimating application
needs access to a BIM knowledge base, an estimating assembly and work item knowledge
base, and material suppliers’ semantic web services.
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Figure 6-1: Estimator use cases

A brief description for each use case is provided below:
A)

Select building model. Using the estimating application user interface, a
user can select a building model from a Sesame BIM triple-store server.
The user enters the URI of the building to be estimated to select the
building model. For example, the URI of the building project used in this
study is abc:EngineeringHall as shown in chapter 3. The estimating
application uses the building project URI entered by the user to stablish a
connection with the BIM knowledge base of the building project stored in
a Sesame server.
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B)

Prepare a list of material suppliers. The user creates a list of material
suppliers for the project using the estimating application user interfaces.
The material supplier list includes information about the suppliers such as
supplier names and URIs.

C)

Define estimating assemblies and work items. Predefined estimating
assemblies and work items are required as discussed in chapter 4. The
prototype estimating application has interfaces that allow a user to create
work items and assemblies and store them in a Sesame knowledge base.
The work item user interface allows a user to create a new work item and
enter the properties discussed in chapter 4 for the work item. The user also
selects the material supplier for the work item from the list of material
suppliers. Estimating application assembly user interface enables the user
to define a new assembly and assign a number of predefined work items to
the assembly.

D)

Map BIM elements to estimating assemblies. An estimating assembly is
created to estimate the cost of a building element. A mapping user interface
provides the user with two lists: the first list includes the names of
predefined estimating assemblies from the estimating knowledge base and
the second list contains building element types retrieved from the BIM
knowledge base. The user maps each model element type to the appropriate
estimating assembly.

E)

Perform estimate. A command button is developed to perform estimate,
which executes a number of program processes as follow:
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-

Iterate through BIM elements in the BIM knowledge base.

-

Retrieve the corresponding assembly from the estimating knowledge
base for each BIM element.

-

Retrieve the work items that are part of the assembly.

-

Calculate work item quantity for each work item.

-

Submit material specifications to the selected material supplier and
receive material unit cost for each work item.

-

Calculate work item cost.

-

Calculate assembly cost by adding assembly work item costs.

-

Calculate project cost by adding all project assembly costs.

-

Return project cost.

6.2 Validation
A building project includes a large number of elements and material resources. The
validation of prototype approach is limited to structural concrete elements in a 3 story
educational building project named Engineering Hall. The validation included a total of 40
elements including footings, columns, beams, and slabs. For each element, length, width,
and depth of each BIM element were mapped to its corresponding estimating assembly
dimensions. Validation included only concrete material and concrete pouring work item.
The prototype semantics-based estimating application was validated for accuracy
of results and its impact on estimator efficiency in a computer lab at Marquette University.
The cost estimates using the prototype estimating application for 40 elements were
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compared with those obtained using a commercial computer estimating application called
WinEst (WinEst 2015). The prototype application produced the same cost estimating
results as WinEst software. It is worth mentioning that since the prototype application
always runs the same procedures it has the same accuracy every time it runs whereas in
manual approaches human error is inevitable.
In addition to accuracy, the prototype was validated for estimating efficiency by
measuring the time it takes to create a cost estimate using the semantics-based approach
developed in this study compared with WinEst estimating software. WinEst is a popular
commercial estimating software and was readily available for this study as it is used in a
construction cost estimating course at Marquette University.
Currently, to prepare a BIM-based cost estimate, an estimator must complete the
following steps:
1. Edit predefined assemblies of work items in the estimating application that
represent BIM elements to be estimated.
2. Map BIM elements to their corresponding estimating assemblies. An example is
mapping a BIM rectangular footing element to a spread footing assembly in the
estimating software.
3. Map BIM element properties to the estimating assembly properties for calculating
work item quantities. For example, mapping the dimensions of a BIM footing
element to the corresponding estimating assembly dimensions.
4. Update material unit costs in the estimating application database.
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Currently, the above mentioned steps are manually performed by estimators. The
prototype semantics-based approach presented in this study modifies how steps 3 and 4 are
performed.

To calculate work item quantities in step 3, the prototype estimating

application eliminates the need for manually mapping element properties to the
corresponding assembly properties as those are semantically defined. To update the
estimating application material resource unit cost database in step 4, the prototype
estimating application retrieves material unit costs directly from suppliers’ semantic web
services as explained in chapter 5. By eliminating the manual activities from steps 3 and 4,
the prototype improves estimator efficiency. The followings explain in more details how
steps 3 and 4 were performed.

6.2.1

Mapping BIM Element Properties to Estimating Assembly Properties
The efficiency of the prototype semantics-based approach relative to WinEst’s

method was investigated for calculating concrete quantities for the above-mentioned 40
structural elements in Engineering Hall. 5 students in civil engineering and familiar with
WinEst software were taught the interfaces to the prototype estimating software and how
to use the software for estimating purposes. According to Nielsen (2000), 5 users provide
adequate results for validation purposes. The 5 students were asked to do the following
steps in a computer lab at Marquette University:
1. Prepare the necessary estimating assemblies for concrete footings, beams, columns,
and slabs.
2. Map each BIM element to its corresponding estimating assembly.
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3. Map the dimensions of each BIM element to its corresponding estimating assembly
dimensions to calculate the concrete quantity for the BIM element.

The students were given the same guidelines and instructions on how to prepare an
estimate step by step. The time was measured using a stopwatch. The time required to
complete the first two steps are almost the same in both WinEst and the prototype
developed in this study. To perform step 3 in WinEst, it requires an estimator to manually
map element dimensions to their corresponding assembly dimensions. In WinEst, the
mapping required in step 3 took an average of 53 seconds per concrete element. The same
5 students also used the prototype estimating application developed in this study to estimate
the cost of the same building elements. Since in the prototype estimating application, BIM
elements and estimating assemblies are semantically defined, the mapping required in step
3 is machine processable and does not require estimator involvement. The total time saved
for preparing the cost estimate for 40 concrete elements was about 35 minutes and 20
seconds. It is worth mentioning that the prototype eliminates human error in step 3 which
makes it more accurate than a manual method.
Considering the fact that a construction project includes a large number of building
elements, eliminating step 3 substantially improves estimator efficiency. Future work can
investigate the efficiency of the presented approach for estimating the cost of building
elements not included in the validation performed in this study.

6.2.2

Updating Estimating Application’s Material Resource Unit Cost Database
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In a computer lab, two web servers were developed representing two ready-mixed
concrete material suppliers. Each web server published concrete material specifications
and unit costs in two formats: (1) in table formats for human access and (2) as semantic
web services for computer access. In a test, the same 5 students were asked to update a
material unit cost database using the tabulated data published on suppliers’ web sites. The
students were asked to obtain the minimum unit costs for the concrete mixes needed for
Engineering Hall from the supplier web sites and update material databases in WinEst. It
took on the average 1 minute and 58 seconds for each student to update the unit cost for
each of the 4 concrete mix specifications used in the 40 building elements investigated.
The prototype estimating application developed in this study directly accessed suppliers’
semantic web services, submitted the specifications for the required concrete mixes,
obtained suppliers’ material unit costs, and used the minimum material cost to update the
estimating software’s material database. The total time saved for updating unit costs of 4
concrete specifications was about 7 minutes and 52 seconds. In addition to saving time, the
prototype always creates accurate results whereas in manual methods human error cannot
be eliminated when retrieving and entering unit costs into a cost database. In a construction
project, a large number of material unit costs must be updated; the results of this test shows
the potential for reducing the time required for updating material cost databases. Future
work can investigate the results for material types not used in this study.
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CHAPTER 7
SUMMARY, CONCLUSION, AND RECOMMENDATIONS FOR FUTURE
WORK
7.1 Summary and Conclusion
Preparing a construction cost estimate requires access to several sources of
information. These sources include building information model (BIM) created by
designers, estimating assemblies and work items created and maintained by construction
companies, and material resource cost information provided by material suppliers. In this
study, the application of Semantic Web and Semantic Web Service technologies to
facilitate finding, accessing, and combining the information necessary for construction cost
estimating was investigated. One of the objectives of this study was to represent the
estimating domain information in a semantics-based format. Ontologies were used to create
(1) a BIM knowledge base, (2) an estimating assembly and work item knowledge base, and
(3) material supplier semantic web services. A prototype cost estimating application was
developed that can access these knowledge bases and semantic web services to perform
cost estimating.
To validate the prototype estimating application, its performance was compared
with a commercial estimating program called WinEst. In a test, 5 students were asked to
perform quantity takeoffs for 40 structural concrete elements in a 3 story building. The
BIM elements investigated included concrete footings, columns, beams, and slabs. In
WinEst estimating software, an estimator is required to manually map element dimensions
to their corresponding estimating assembly dimensions. Each student spent on the average
53 seconds to map a concrete element’s length, width and depth properties to its
corresponding WinEst assembly properties. In the semantics-based prototype, BIM
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elements and estimating assemblies are semantically defined which makes the mapping
machine processable and eliminates the need for estimator involvement in the element
property mapping process. The total time saved for mapping 40 concrete elements’
dimensions was about 35 minutes and 20 seconds. Future studies can investigate the
efficiency of the semantic estimating approach for estimating a large building.
Updating material unit cost databases is another time consuming task for
estimators, which is currently performed manually. A new approach was presented in this
study that requires material specifications and costs available as semantic web services. In
this approach, a semantics-based cost estimating application can submit material resource
specifications to suppliers’ semantic web services and retrieve material unit cost data for
updating material cost databases. In a lab test, the presented approach for updating
estimating material cost databases was compared with the current manual methods. It was
observed that on the average it takes 1 minute and 58 seconds less time to update a concrete
mix unit cost in a database if material suppliers’ product data are available as semantic web
services. The total time saved for updating unit costs for 4 concrete specifications used in
40 structural concrete elements was about 7 minutes and 52 seconds. In addition to time
savings, the prototype creates accurate results whereas in a manual method human error
cannot be always eliminated. Considering the fact that estimating databases include a large
number of material resources and estimating material cost databases must be updated
before a new estimate, future work can investigate the results when a large number of
material types are involved.
The purpose of this study was to show the potential of the Semantic Web
technology in construction cost estimating. Although semantic web technology is being
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used in web commerce, its application to construction cost estimating requires that the
industry further defines and standardizes the ontologies, knowledge bases, and semantic
web services discussed in this study.

7.2 Recommendations for Future Work
The estimating approach discussed in this study requires a number of knowledge
bases. The required knowledge bases must be developed based on standard ontologies that
are not available yet. The prototype knowledge bases used in this study were created based
on ontologies that were developed in this study.
The AEC industry must develop a standard ontology that can be used for creating
BIM knowledge bases. There have been some efforts to use EXPRESS-to-OWL
conversion procedures for developing an ifcOWL ontology (Beetz et al. 2009; Karan et al.
2015; Karan and Irizarry 2015; Pauwels and Terkaj 2014). However, none of the ifcOWL
ontologies have become a standard yet. The ontologies and knowledge bases created in this
study were based on level of detail (LOD) currently available in BIM platforms. As BIM
platform LOD improves over time, the ontologies and knowledge bases may require
updates. In addition, this study mainly focused on building projects. Future work can
investigate the presented approach on other types of civil and construction projects.
Standard ontologies are also needed for creating estimating knowledge bases that
represent estimating assemblies and work items. The estimating ontologies presented in
this study can serve as the starting point for further research towards development of
industry standard ontologies.
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As discussed in the dissertation, to make the process of updating the material cost
databases machine processable, construction material suppliers must provide material
information as knowledge bases that can be accessed over the Internet. The Good Relations
ontology discussed in this study has been used by a number of businesses such as Best Buy,
Overstock.com, Yahoo!, and Google (Allemang and Hendler 2011) for providing product
data or for product search purposes. Future development of a standard material ontology
would allow construction material suppliers to develop knowledge bases that can be
searched and queried by remote computers.
Semantically defined construction knowledge can lead to other innovations in the
AEC industry. Niknam and Karshenas (2014) have used semantically defined BIM and
construction knowledge bases to create a project social networking website which
improves communication among project participants and allows adding new knowledge to
project knowledge bases. Incorporating social networking and construction cost estimating
knowledge can inspire new and innovative approaches to construction cost estimating.
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APPENDIX A
AN EXAMPLE OF ELEMENT RELATIONS TO FLOOR, ROOM, AND OTHER
ELEMENTS
A BIM knowledge base must represent the relations of an element with the building
floors, rooms, phases, and levels. An example of a footing element relations to a level and
a phase was given in chapter 3. Figure A-1 shows how Wall-1 is related to spaces (floors,
and rooms) defined for Engineering Hall. Wall-1 is located on Floor-2 and is a boundary
of Room215-ComputerLab.

Figure A-1: Wall-1 relations to floors and rooms

A BIM knowledge base also includes host and intersect relations among building
elements. Figure A-2 shows that Wall-1 hosts Window-1 and Window-2 and intersects
Wall-2 and Wall-3.
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Figure A-2: Wall-1 relations with other building elements
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APPENDIX B
RDF/XML REPRESENTATION OF THE FOOTING EXAMPLE GIVEN IN CHAPTER 3
<?xml version="1.0"?>

<!DOCTYPE rdf:RDF [
<!ENTITY owl "http://www.w3.org/2002/07/owl#" >
<!ENTITY abc "http://www.ABC_DesignCompany.com#" >
<!ENTITY xsd "http://www.w3.org/2001/XMLSchema#" >
<!ENTITY rdfs "http://www.w3.org/2000/01/rdf-schema#" >
<!ENTITY rdf "http://www.w3.org/1999/02/22-rdf-syntax-ns#" >
<!ENTITY BIMSO "http://www.marquette.edu/BIM_Shared_Ontology#" >
<!ENTITY BIMDO "http://www.marquette.edu/BIM_Design_Ontology#" >
<!ENTITY FE
"http://www.semanticweb.org/0521niknamm/ontologies/2015/7/FootingExample" >
]>

<rdf:RDF xmlns="&FE;#"
xml:base="http://www.semanticweb.org/0521niknamm/ontologies/2015/7/FootingExample"
xmlns:rdfs="http://www.w3.org/2000/01/rdf-schema#"
xmlns:abc="http://www.ABC_DesignCompany.com#"
xmlns:BIMDO="http://www.marquette.edu/BIM_Design_Ontology#"
xmlns:FE="http://www.semanticweb.org/0521niknamm/ontologies/2015/7/FootingExample"
xmlns:BIMSO="http://www.marquette.edu/BIM_Shared_Ontology#"
xmlns:owl="http://www.w3.org/2002/07/owl#"
xmlns:xsd="http://www.w3.org/2001/XMLSchema#"
xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#">
<owl:Ontology
rdf:about="http://www.semanticweb.org/0521niknamm/ontologies/2015/7/FootingExample"/>
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<!-///////////////////////////////////////////////////////////////////////////////////////
//
// Object Properties
//
///////////////////////////////////////////////////////////////////////////////////////
-->

<!-- http://www.marquette.edu/BIM_Design_Ontology#hasCompressionStrength -->

<owl:ObjectProperty rdf:about="&BIMDO;hasCompressionStrength"/>

<!-- http://www.marquette.edu/BIM_Design_Ontology#hasDimensionUnit -->

<owl:ObjectProperty rdf:about="&BIMDO;hasDimensionUnit"/>

<!-- http://www.marquette.edu/BIM_Design_Ontology#hasMQUnit -->

<owl:ObjectProperty rdf:about="&BIMDO;hasMQUnit"/>

<!-- http://www.marquette.edu/BIM_Design_Ontology#hasMaterial -->

<owl:ObjectProperty rdf:about="&BIMDO;hasMaterial"/>

<!-- http://www.marquette.edu/BIM_Design_Ontology#hasYoung’sModulus -->
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<owl:ObjectProperty rdf:about="&BIMDO;hasYoung’sModulus"/>

<!-- http://www.marquette.edu/BIM_Shared_Ontology#hasBuildingElement -->

<owl:ObjectProperty rdf:about="&BIMSO;hasBuildingElement"/>

<!-- http://www.marquette.edu/BIM_Shared_Ontology#hasBuildingLevel -->

<owl:ObjectProperty rdf:about="&BIMSO;hasBuildingLevel"/>

<!-- http://www.marquette.edu/BIM_Shared_Ontology#hasBuildingPhase -->

<owl:ObjectProperty rdf:about="&BIMSO;hasBuildingPhase"/>

<!-- http://www.marquette.edu/BIM_Shared_Ontology#hasElementLevel -->

<owl:ObjectProperty rdf:about="&BIMSO;hasElementLevel"/>

<!-- http://www.marquette.edu/BIM_Shared_Ontology#hasElementPhase -->

<owl:ObjectProperty rdf:about="&BIMSO;hasElementPhase"/>

<!-///////////////////////////////////////////////////////////////////////////////////////
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//
// Data properties
//
///////////////////////////////////////////////////////////////////////////////////////
-->

<!-- http://www.marquette.edu/BIM_Design_Ontology#hasID -->

<owl:DatatypeProperty rdf:about="&BIMDO;hasID"/>

<!-- http://www.marquette.edu/BIM_Design_Ontology#hasValue -->

<owl:DatatypeProperty rdf:about="&BIMDO;hasValue"/>

<!-///////////////////////////////////////////////////////////////////////////////////////
//
// Classes
//
///////////////////////////////////////////////////////////////////////////////////////
-->

<!-- http://qudt.org/schema/qudt#LengthUnit -->

<owl:Class rdf:about="http://qudt.org/schema/qudt#LengthUnit"/>
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<!-- http://qudt.org/schema/qudt#PressureOrStressUnit -->

<owl:Class rdf:about="http://qudt.org/schema/qudt#PressureOrStressUnit"/>

<!-- http://www.freeclass.eu/freeclass_v1#C_A140-gen -->

<owl:Class rdf:about="http://www.freeclass.eu/freeclass_v1#C_A140-gen"/>

<!-- http://www.marquette.edu/BIM_Design_Ontology#MaterialQuantitativeProperty -->

<owl:Class rdf:about="&BIMDO;MaterialQuantitativeProperty"/>

<!-- http://www.marquette.edu/BIM_Design_Ontology#Size -->

<owl:Class rdf:about="&BIMDO;Size"/>

<!-- http://www.marquette.edu/BIM_Shared_Ontology#A1010210_SpreadFooting -->

<owl:Class rdf:about="&BIMSO;A1010210_SpreadFooting"/>

<!-- http://www.marquette.edu/BIM_Shared_Ontology#Building -->

<owl:Class rdf:about="&BIMSO;Building"/>
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<!-- http://www.marquette.edu/BIM_Shared_Ontology#Level -->

<owl:Class rdf:about="&BIMSO;Level"/>

<!-- http://www.marquette.edu/BIM_Shared_Ontology#Phase -->

<owl:Class rdf:about="&BIMSO;Phase"/>

<!-///////////////////////////////////////////////////////////////////////////////////////
//
// Individuals
//
///////////////////////////////////////////////////////////////////////////////////////
-->

<!-- http://qudt.org/vocab/unit#KilogramForcePerSquareCentimeter -->

<owl:NamedIndividual
rdf:about="http://qudt.org/vocab/unit#KilogramForcePerSquareCentimeter">
<rdf:type rdf:resource="http://qudt.org/schema/qudt#PressureOrStressUnit"/>
</owl:NamedIndividual>

<!-- http://qudt.org/vocab/unit#Meter -->

<owl:NamedIndividual rdf:about="http://qudt.org/vocab/unit#Meter">
<rdf:type rdf:resource="http://qudt.org/schema/qudt#LengthUnit"/>
</owl:NamedIndividual>
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<!-- http://www.ABC_DesignCompany.com#EngineeringHall -->

<owl:NamedIndividual rdf:about="&abc;EngineeringHall">
<rdf:type rdf:resource="&BIMSO;Building"/>
<rdfs:label>EngineeringHall</rdfs:label>
<BIMSO:hasBuildingPhase rdf:resource="&owl;5e75c73a-06b0-4d4a-bdd7aa1b531b2f46"/>
<BIMSO:hasBuildingLevel rdf:resource="&owl;86dd5a37-604f-464c-8ffba775ccc201b8"/>
<BIMSO:hasBuildingElement rdf:resource="&owl;e473e652-35d9-4e71-834bbc988c0c29ec"/>
</owl:NamedIndividual>

<!-- http://www.w3.org/2002/07/owl#5e75c73a-06b0-4d4a-bdd7-aa1b531b2f46 -->

<owl:NamedIndividual rdf:about="&owl;5e75c73a-06b0-4d4a-bdd7-aa1b531b2f46">
<rdf:type rdf:resource="&BIMSO;Phase"/>
<rdfs:label>Phase-1</rdfs:label>
</owl:NamedIndividual>

<!-- http://www.w3.org/2002/07/owl#86dd5a37-604f-464c-8ffb-a775ccc201b8 -->

<owl:NamedIndividual rdf:about="&owl;86dd5a37-604f-464c-8ffb-a775ccc201b8">
<rdf:type rdf:resource="&BIMSO;Level"/>
<rdfs:label>FoundationLevel</rdfs:label>
</owl:NamedIndividual>

112

<!-- http://www.w3.org/2002/07/owl#e473e652-35d9-4e71-834b-bc988c0c29ec -->

<owl:NamedIndividual rdf:about="&owl;e473e652-35d9-4e71-834b-bc988c0c29ec">
<rdf:type rdf:resource="&BIMSO;A1010210_SpreadFooting"/>
<rdfs:label>Footing-1</rdfs:label>
<BIMDO:hasID>187272</BIMDO:hasID>
<BIMSO:hasElementPhase rdf:resource="&owl;5e75c73a-06b0-4d4a-bdd7aa1b531b2f46"/>
<BIMSO:hasElementLevel rdf:resource="&owl;86dd5a37-604f-464c-8ffba775ccc201b8"/>
<BIMDO:hasMaterial rdf:resource="&owl;e473e652-35d9-4e71-834bbc988c0c29ec_Concrete"/>
</owl:NamedIndividual>

<!-- http://www.w3.org/2002/07/owl#e473e652-35d9-4e71-834b-bc988c0c29ec_Concrete -->

<owl:NamedIndividual rdf:about="&owl;e473e652-35d9-4e71-834bbc988c0c29ec_Concrete">
<rdf:type rdf:resource="http://www.freeclass.eu/freeclass_v1#C_A140-gen"/>
<rdfs:label>Footing-1-Concrete</rdfs:label>
<BIMDO:hasCompressionStrength rdf:resource="&owl;e473e652-35d9-4e71-834bbc988c0c29ec_Concrete_CompresionStrength"/>
<hasYoung:sModulus rdf:resource="&owl;e473e652-35d9-4e71-834bbc988c0c29ec_Concrete_Young’sModulus"/>
</owl:NamedIndividual>

<!-- http://www.w3.org/2002/07/owl#e473e652-35d9-4e71-834bbc988c0c29ec_Concrete_CompresionStrength -->
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<owl:NamedIndividual rdf:about="&owl;e473e652-35d9-4e71-834bbc988c0c29ec_Concrete_CompresionStrength">
<rdf:type rdf:resource="&BIMDO;MaterialQuantitativeProperty"/>
<rdfs:label>Footing-1-Concrete-CompresionStrength</rdfs:label>
<BIMDO:hasValue rdf:datatype="&xsd;double">250.0</BIMDO:hasValue>
<BIMDO:hasMQUnit
rdf:resource="http://qudt.org/vocab/unit#KilogramForcePerSquareCentimeter"/>
</owl:NamedIndividual>

<!-- http://www.w3.org/2002/07/owl#e473e652-35d9-4e71-834bbc988c0c29ec_Concrete_Young’sModulus -->

<owl:NamedIndividual rdf:about="&owl;e473e652-35d9-4e71-834bbc988c0c29ec_Concrete_Young’sModulus">
<rdf:type rdf:resource="&BIMDO;MaterialQuantitativeProperty"/>
<rdfs:label>Footing-1-Concrete-Young’sModulus</rdfs:label>
<rdfs:label>ready-mix concrete</rdfs:label>
<BIMDO:hasValue rdf:datatype="&xsd;double">237000.0</BIMDO:hasValue>
<BIMDO:hasMQUnit
rdf:resource="http://qudt.org/vocab/unit#KilogramForcePerSquareCentimeter"/>
</owl:NamedIndividual>

<!-- http://www.w3.org/2002/07/owl#e473e652-35d9-4e71-834b-bc988c0c29ec_Length -->

<owl:NamedIndividual rdf:about="&owl;e473e652-35d9-4e71-834b-bc988c0c29ec_Length">
<rdf:type rdf:resource="&BIMDO;Size"/>
<rdfs:label>Footing-1-Length</rdfs:label>
<BIMDO:hasValue rdf:datatype="&xsd;double">2.0</BIMDO:hasValue>
<BIMDO:hasDimensionUnit rdf:resource="http://qudt.org/vocab/unit#Meter"/>
</owl:NamedIndividual>
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<!-- http://www.w3.org/2002/07/owl#e473e652-35d9-4e71-834b-bc988c0c29ec_Thickness -->

<owl:NamedIndividual rdf:about="&owl;e473e652-35d9-4e71-834bbc988c0c29ec_Thickness">
<rdf:type rdf:resource="&BIMDO;Size"/>
<rdfs:label>Footing-1-Thickness</rdfs:label>
<BIMDO:hasValue rdf:datatype="&xsd;double">1.5</BIMDO:hasValue>
<BIMDO:hasDimensionUnit rdf:resource="http://qudt.org/vocab/unit#Meter"/>
</owl:NamedIndividual>

<!-- http://www.w3.org/2002/07/owl#e473e652-35d9-4e71-834b-bc988c0c29ec_Width -->

<owl:NamedIndividual rdf:about="&owl;e473e652-35d9-4e71-834b-bc988c0c29ec_Width">
<rdf:type rdf:resource="&BIMDO;Size"/>
<rdfs:label>Footing-1-Width</rdfs:label>
<BIMDO:hasValue rdf:datatype="&xsd;double">2.0</BIMDO:hasValue>
<BIMDO:hasDimensionUnit rdf:resource="http://qudt.org/vocab/unit#Meter"/>
</owl:NamedIndividual>
</rdf:RDF>
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APPENDIX C
RDF/XML REPRESENTATION OF THE ASSEMBLY AND WORK ITEM EXAMPLES
GIVEN IN CHAPTER 4
<?xml version="1.0"?>

<!DOCTYPE rdf:RDF [
<!ENTITY org "http://www.w3.org/ns/org#" >
<!ENTITY foaf "http://xmlns.com/foaf/0.1/" >
<!ENTITY qudt "http://qudt.org/vocab/unit#" >
<!ENTITY owl "http://www.w3.org/2002/07/owl#" >
<!ENTITY gr "http://purl.org/goodrelations/v1#" >
<!ENTITY xsd "http://www.w3.org/2001/XMLSchema#" >
<!ENTITY fc "http://www.freeclass.eu/freeclass_v1#" >
<!ENTITY rdfs "http://www.w3.org/2000/01/rdf-schema#" >
<!ENTITY xyz "http://www.XYZ_ConstructionCompany.com/#" >
<!ENTITY rdf "http://www.w3.org/1999/02/22-rdf-syntax-ns#" >
<!ENTITY rst "http://www.RST_MaterialSupplierCompany.com/#" >
<!ENTITY mueo "http://www.marquette.edu/estimating_ontology#" >
]>

<rdf:RDF xmlns="http://www.semanticweb.org/0521niknamm/ontologies/2015/7/untitledontology-47#"
xml:base="http://www.semanticweb.org/0521niknamm/ontologies/2015/7/untitled-ontology47"
xmlns:foaf="http://xmlns.com/foaf/0.1/"
xmlns:org="http://www.w3.org/ns/org#"
xmlns:qudt="http://qudt.org/vocab/unit#"
xmlns:fc="http://www.freeclass.eu/freeclass_v1#"
xmlns:rdfs="http://www.w3.org/2000/01/rdf-schema#"
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xmlns:mueo="http://www.marquette.edu/estimating_ontology#"
xmlns:xsd="http://www.w3.org/2001/XMLSchema#"
xmlns:owl="http://www.w3.org/2002/07/owl#"
xmlns:rst="http://www.RST_MaterialSupplierCompany.com/#"
xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#"
xmlns:gr="http://purl.org/goodrelations/v1#"
xmlns:xyz="http://www.XYZ_ConstructionCompany.com/#">
<owl:Ontology
rdf:about="http://www.semanticweb.org/0521niknamm/ontologies/2015/7/untitled-ontology47"/>

<!-///////////////////////////////////////////////////////////////////////////////////////
//
// Object Properties
//
///////////////////////////////////////////////////////////////////////////////////////
-->

<!-- http://purl.org/goodrelations/v1#qualitativeProductOrServiceProperty -->

<owl:ObjectProperty rdf:about="&gr;qualitativeProductOrServiceProperty"/>

<!-- http://www.freeclass.eu/freeclass_v1#P_16 -->

<owl:ObjectProperty rdf:about="&fc;P_16"/>

<!-- http://www.freeclass.eu/freeclass_v1#P_E26 -->
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<owl:ObjectProperty rdf:about="&fc;P_E26"/>

<!-- http://www.freeclass.eu/freeclass_v1#P_E27 -->

<owl:ObjectProperty rdf:about="&fc;P_E27"/>

<!-- http://www.freeclass.eu/freeclass_v1#P_E28 -->

<owl:ObjectProperty rdf:about="&fc;P_E28"/>

<!-- http://www.freeclass.eu/freeclass_v1#P_E29 -->

<owl:ObjectProperty rdf:about="&fc;P_E29"/>

<!-- http://www.freeclass.eu/freeclass_v1#P_E31 -->

<owl:ObjectProperty rdf:about="&fc;P_E31"/>

<!-- http://www.freeclass.eu/freeclass_v1#P_E32 -->

<owl:ObjectProperty rdf:about="&fc;P_E32"/>

<!-- http://www.freeclass.eu/freeclass_v1#P_E52 -->
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<owl:ObjectProperty rdf:about="&fc;P_E52"/>

<!-- http://www.marquette.edu/estimating_ontology#classification -->

<owl:ObjectProperty rdf:about="&mueo;classification"/>

<!-- http://www.marquette.edu/estimating_ontology#hasCost -->

<owl:ObjectProperty rdf:about="&mueo;hasCost"/>

<!-- http://www.marquette.edu/estimating_ontology#hasLabor -->

<owl:ObjectProperty rdf:about="&mueo;hasLabor"/>

<!-- http://www.marquette.edu/estimating_ontology#hasProductivity -->

<owl:ObjectProperty rdf:about="&mueo;hasProductivity"/>

<!-- http://www.marquette.edu/estimating_ontology#hasQuantity -->

<owl:ObjectProperty rdf:about="&mueo;hasQuantity"/>

<!-- http://www.marquette.edu/estimating_ontology#hasUnit -->
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<owl:ObjectProperty rdf:about="&mueo;hasUnit"/>

<!-- http://www.marquette.edu/estimating_ontology#partOf -->

<owl:ObjectProperty rdf:about="&mueo;partOf"/>

<!-- http://www.marquette.edu/estimating_ontology#performedBy -->

<owl:ObjectProperty rdf:about="&mueo;performedBy"/>

<!-- http://www.marquette.edu/estimating_ontology#specialty -->

<owl:ObjectProperty rdf:about="&mueo;specialty"/>

<!-- http://www.marquette.edu/estimating_ontology#uses -->

<owl:ObjectProperty rdf:about="&mueo;uses"/>

<!-///////////////////////////////////////////////////////////////////////////////////////
//
// Data properties
//
///////////////////////////////////////////////////////////////////////////////////////
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-->

<!-- http://www.marquette.edu/estimating_ontology#cost($)/hr -->

<owl:DatatypeProperty rdf:about="&mueo;cost($)/hr"/>

<!-- http://www.marquette.edu/estimating_ontology#hasCurrency -->

<owl:DatatypeProperty rdf:about="&mueo;hasCurrency"/>

<!-- http://www.marquette.edu/estimating_ontology#hasID -->

<owl:DatatypeProperty rdf:about="&mueo;hasID"/>

<!-- http://www.marquette.edu/estimating_ontology#hasSpecialCondition -->

<owl:DatatypeProperty rdf:about="&mueo;hasSpecialCondition"/>

<!-- http://www.marquette.edu/estimating_ontology#hasTitle -->

<owl:DatatypeProperty rdf:about="&mueo;hasTitle"/>

<!-- http://www.marquette.edu/estimating_ontology#hasValue -->

<owl:DatatypeProperty rdf:about="&mueo;hasValue"/>
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<!-- http://www.marquette.edu/estimating_ontology#livesIn -->

<owl:DatatypeProperty rdf:about="&mueo;livesIn"/>

<!-- http://www.marquette.edu/estimating_ontology#quantity -->

<owl:DatatypeProperty rdf:about="&mueo;quantity"/>

<!-///////////////////////////////////////////////////////////////////////////////////////
//
// Classes
//
///////////////////////////////////////////////////////////////////////////////////////
-->

<!-- http://purl.org/goodrelations/v1#QualitativeValue -->

<owl:Class rdf:about="&gr;QualitativeValue"/>

<!-- http://purl.org/goodrelations/v1#QuantitativeValueFloat -->

<owl:Class rdf:about="&gr;QuantitativeValueFloat"/>
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<!-- http://www.freeclass.eu/freeclass_v1#C_A140-gen -->

<owl:Class rdf:about="&fc;C_A140-gen"/>

<!-- http://www.marquette.edu/estimating_ontology#A1010210_SpreadFooting -->

<owl:Class rdf:about="&mueo;A1010210_SpreadFooting"/>

<!-- http://www.marquette.edu/estimating_ontology#AssemblyCost -->

<owl:Class rdf:about="&mueo;AssemblyCost"/>

<!-- http://www.marquette.edu/estimating_ontology#Crew -->

<owl:Class rdf:about="&mueo;Crew"/>

<!-- http://www.marquette.edu/estimating_ontology#D03111345 -->

<owl:Class rdf:about="&mueo;D03111345"/>

<!-- http://www.marquette.edu/estimating_ontology#D03211160 -->

<owl:Class rdf:about="&mueo;D03211160"/>
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<!-- http://www.marquette.edu/estimating_ontology#D03311370 -->

<owl:Class rdf:about="&mueo;D03311370"/>

<!-- http://www.marquette.edu/estimating_ontology#Equipment -->

<owl:Class rdf:about="&mueo;Equipment"/>

<!-- http://www.marquette.edu/estimating_ontology#ItemCost -->

<owl:Class rdf:about="&mueo;ItemCost"/>

<!-- http://www.marquette.edu/estimating_ontology#ItemProductivity -->

<owl:Class rdf:about="&mueo;ItemProductivity"/>

<!-- http://www.marquette.edu/estimating_ontology#ItemQuantity -->

<owl:Class rdf:about="&mueo;ItemQuantity"/>

<!-- http://www.w3.org/ns/org#Organization -->

<owl:Class rdf:about="&org;Organization"/>
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<!-- http://xmlns.com/foaf/0.1/Person -->

<owl:Class rdf:about="&foaf;Person"/>

<!-///////////////////////////////////////////////////////////////////////////////////////
//
// Individuals
//
///////////////////////////////////////////////////////////////////////////////////////
-->

<!-- http://qudt.org/vocab/unit#CubicMeter -->

<owl:NamedIndividual rdf:about="&qudt;CubicMeter"/>

<!-- http://qudt.org/vocab/unit#CubicMeterPerHour -->

<owl:NamedIndividual rdf:about="&qudt;CubicMeterPerHour"/>

<!-- http://www.RST_MaterialSupplierCompany.com/#ReadyMixConcrete_3256 -->

<owl:NamedIndividual rdf:about="&rst;ReadyMixConcrete_3256">
<rdf:type rdf:resource="&fc;C_A140-gen"/>
<fc:P_16 rdf:resource="&fc;2kN/cm2"/>
<fc:P_E26 rdf:resource="&fc;S2_50-90_mm"/>
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<fc:P_E31 rdf:resource="&fc;V_W101"/>
<fc:P_E32 rdf:resource="&fc;V_W106"/>
<fc:P_E52 rdf:resource="&fc;V_W167"/>
<fc:P_E27 rdf:resource="&fc;V_W87"/>
<fc:P_E28 rdf:resource="&fc;V_W91"/>
<fc:P_E29 rdf:resource="&fc;V_W95"/>
</owl:NamedIndividual>

<!-- http://www.XYZ_ConstructionCompany.com/#A1010210_SpreadFooting_7261 -->

<owl:NamedIndividual rdf:about="&xyz;A1010210_SpreadFooting_7261">
<rdf:type rdf:resource="&mueo;A1010210_SpreadFooting"/>
<mueo:hasTitle>SpreadFooting_ConcreteStrength2kN/cm2</mueo:hasTitle>
<mueo:hasID>A1010210_7261</mueo:hasID>
<mueo:hasSpecialCondition>ColdWeather</mueo:hasSpecialCondition>
</owl:NamedIndividual>

<!-- http://www.XYZ_ConstructionCompany.com/#A1010210_SpreadFooting_7261_Cost -->

<owl:NamedIndividual rdf:about="&xyz;A1010210_SpreadFooting_7261_Cost">
<rdf:type rdf:resource="&mueo;AssemblyCost"/>
</owl:NamedIndividual>

->

<!-- http://www.XYZ_ConstructionCompany.com/#D03111345_FormsInPlaceFooting_4152 -

<owl:NamedIndividual rdf:about="&xyz;D03111345_FormsInPlaceFooting_4152">
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<rdf:type rdf:resource="&mueo;D03111345"/>
<mueo:partOf rdf:resource="&xyz;A1010210_SpreadFooting_7261"/>
</owl:NamedIndividual>

<!-- http://www.XYZ_ConstructionCompany.com/#D03211160_ReinforcingInPlace_0151 -->

<owl:NamedIndividual rdf:about="&xyz;D03211160_ReinforcingInPlace_0151">
<rdf:type rdf:resource="&mueo;D03211160"/>
<mueo:partOf rdf:resource="&xyz;A1010210_SpreadFooting_7261"/>
</owl:NamedIndividual>

<!-- http://www.XYZ_ConstructionCompany.com/#D03311370_PlacingConcrete_2457 -->

<owl:NamedIndividual rdf:about="&xyz;D03311370_PlacingConcrete_2457">
<rdf:type rdf:resource="&mueo;D03311370"/>
<mueo:hasID>D03311370_2457</mueo:hasID>
<mueo:hasTitle>PlacingConcrete_SpreadFooting_LessThan3CubicMeter_Pump</mueo:hasTitle
>
<mueo:uses rdf:resource="&rst;ReadyMixConcrete_3256"/>
<mueo:partOf rdf:resource="&xyz;A1010210_SpreadFooting_7261"/>
<mueo:hasCost rdf:resource="&xyz;D03311370_PlacingConcrete_2457_Cost"/>
<mueo:uses rdf:resource="&xyz;D03311370_PlacingConcrete_2457_Crew"/>
<mueo:hasProductivity
rdf:resource="&xyz;D03311370_PlacingConcrete_2457_Productivity"/>
<mueo:hasQuantity rdf:resource="&xyz;D03311370_PlacingConcrete_2457_Quantity"/>
<mueo:performedBy rdf:resource="&xyz;XYZ_ConstructionCompany"/>
</owl:NamedIndividual>
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->

<!-- http://www.XYZ_ConstructionCompany.com/#D03311370_PlacingConcrete_2457_Cost -

<owl:NamedIndividual rdf:about="&xyz;D03311370_PlacingConcrete_2457_Cost">
<rdf:type rdf:resource="&mueo;ItemCost"/>
<mueo:hasValue rdf:datatype="&xsd;double">1258.5</mueo:hasValue>
<mueo:hasCurrency rdf:datatype="&xsd;double">USD</mueo:hasCurrency>
</owl:NamedIndividual>

<!-- http://www.XYZ_ConstructionCompany.com/#D03311370_PlacingConcrete_2457_Crew
-->

<owl:NamedIndividual rdf:about="&xyz;D03311370_PlacingConcrete_2457_Crew">
<rdf:type rdf:resource="&mueo;Crew"/>
<gr:qualitativeProductOrServiceProperty rdf:resource="&xyz;Equipment_1289"/>
<gr:qualitativeProductOrServiceProperty rdf:resource="&xyz;Equipment_4376"/>
<mueo:hasLabor rdf:resource="&xyz;Labor_4223"/>
<mueo:hasLabor rdf:resource="&xyz;Labor_6460"/>
</owl:NamedIndividual>

<!-http://www.XYZ_ConstructionCompany.com/#D03311370_PlacingConcrete_2457_Productivity
-->

<owl:NamedIndividual rdf:about="&xyz;D03311370_PlacingConcrete_2457_Productivity">
<rdf:type rdf:resource="&mueo;ItemProductivity"/>
<mueo:hasValue rdf:datatype="&xsd;double">5.4</mueo:hasValue>
<mueo:hasUnit rdf:resource="&qudt;CubicMeterPerHour"/>
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</owl:NamedIndividual>

<!-http://www.XYZ_ConstructionCompany.com/#D03311370_PlacingConcrete_2457_Quantity -->

<owl:NamedIndividual rdf:about="&xyz;D03311370_PlacingConcrete_2457_Quantity">
<rdf:type rdf:resource="&mueo;ItemQuantity"/>
<mueo:hasValue rdf:datatype="&xsd;double">6.0</mueo:hasValue>
<mueo:hasUnit rdf:resource="&qudt;CubicMeter"/>
</owl:NamedIndividual>

<!-- http://www.XYZ_ConstructionCompany.com/#Equipment_1289 -->

<owl:NamedIndividual rdf:about="&xyz;Equipment_1289">
<rdf:type rdf:resource="&mueo;Equipment"/>
<mueo:quantity rdf:datatype="&xsd;double">1.0</mueo:quantity>
<cost:hr rdf:datatype="&xsd;double">105.0</cost:hr>
<mueo:classification rdf:resource="&mueo;ConcretePump"/>
</owl:NamedIndividual>

<!-- http://www.XYZ_ConstructionCompany.com/#Equipment_4376 -->

<owl:NamedIndividual rdf:about="&xyz;Equipment_4376">
<rdf:type rdf:resource="&mueo;Equipment"/>
<mueo:quantity rdf:datatype="&xsd;double">1.0</mueo:quantity>
<cost:hr rdf:datatype="&xsd;double">8.0</cost:hr>
<mueo:classification rdf:resource="&mueo;GasEngineVibrator"/>
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</owl:NamedIndividual>

<!-- http://www.XYZ_ConstructionCompany.com/#Labor_4223 -->

<owl:NamedIndividual rdf:about="&xyz;Labor_4223">
<rdf:type rdf:resource="&foaf;Person"/>
<mueo:livesIn rdf:datatype="&xsd;double">1.0</mueo:livesIn>
<mueo:quantity rdf:datatype="&xsd;double">1.0</mueo:quantity>
<mueo:livesIn rdf:datatype="&xsd;double">35.0</mueo:livesIn>
<mueo:livesIn rdf:datatype="&xsd;double">Milwaukee,WI</mueo:livesIn>
<mueo:specialty rdf:resource="&mueo;CementFinisher"/>
<mueo:classification rdf:resource="&mueo;SkilledLabor"/>
</owl:NamedIndividual>

<!-- http://www.XYZ_ConstructionCompany.com/#Labor_6460 -->

<owl:NamedIndividual rdf:about="&xyz;Labor_6460">
<rdf:type rdf:resource="&foaf;Person"/>
<mueo:quantity rdf:datatype="&xsd;double">2.0</mueo:quantity>
<cost:hr rdf:datatype="&xsd;double">28.0</cost:hr>
<mueo:livesIn rdf:datatype="&xsd;double">Milwaukee,WI</mueo:livesIn>
<mueo:specialty rdf:resource="&mueo;Laborer"/>
<mueo:classification rdf:resource="&mueo;UnSkilledLabor"/>
</owl:NamedIndividual>

<!-- http://www.XYZ_ConstructionCompany.com/#XYZ_ConstructionCompany -->
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<owl:NamedIndividual rdf:about="&xyz;XYZ_ConstructionCompany">
<rdf:type rdf:resource="&org;Organization"/>
</owl:NamedIndividual>

<!-- http://www.freeclass.eu/freeclass_v1#2kN/cm2 -->

<owl:NamedIndividual rdf:about="&fc;2kN/cm2">
<rdf:type rdf:resource="&gr;QuantitativeValueFloat"/>
</owl:NamedIndividual>

<!-- http://www.freeclass.eu/freeclass_v1#S2_50-90_mm -->

<owl:NamedIndividual rdf:about="&fc;S2_50-90_mm">
<rdf:type rdf:resource="&gr;QuantitativeValueFloat"/>
</owl:NamedIndividual>

<!-- http://www.freeclass.eu/freeclass_v1#V_W101 -->

<owl:NamedIndividual rdf:about="&fc;V_W101">
<rdf:type rdf:resource="&gr;QualitativeValue"/>
<rdfs:label xml:lang="en">XC1 constantly wet or dry</rdfs:label>
</owl:NamedIndividual>

<!-- http://www.freeclass.eu/freeclass_v1#V_W106 -->

<owl:NamedIndividual rdf:about="&fc;V_W106">
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<rdf:type rdf:resource="&gr;QualitativeValue"/>
<rdfs:label xml:lang="en">XD2 wet, seldom dry</rdfs:label>
</owl:NamedIndividual>

<!-- http://www.freeclass.eu/freeclass_v1#V_W167 -->

<owl:NamedIndividual rdf:about="&fc;V_W167">
<rdf:type rdf:resource="&gr;QualitativeValue"/>
<rdfs:label xml:lang="en">CEM I</rdfs:label>
</owl:NamedIndividual>

<!-- http://www.freeclass.eu/freeclass_v1#V_W87 -->

<owl:NamedIndividual rdf:about="&fc;V_W87">
<rdf:type rdf:resource="&gr;QualitativeValue"/>
<rdfs:label xml:lang="en">XA1 chemically attacking environment (weak)</rdfs:label>
</owl:NamedIndividual>

<!-- http://www.freeclass.eu/freeclass_v1#V_W91 -->

<owl:NamedIndividual rdf:about="&fc;V_W91">
<rdf:type rdf:resource="&gr;QualitativeValue"/>
<rdfs:label xml:lang="en">XF1 moderate water saturation without deicing</rdfs:label>
</owl:NamedIndividual>
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<!-- http://www.freeclass.eu/freeclass_v1#V_W95 -->

<owl:NamedIndividual rdf:about="&fc;V_W95">
<rdf:type rdf:resource="&gr;QualitativeValue"/>
<rdfs:label xml:lang="en">XM1 moderate wear stress</rdfs:label>
</owl:NamedIndividual>

<!-- http://www.marquette.edu/estimating_ontology#CementFinisher -->

<owl:NamedIndividual rdf:about="&mueo;CementFinisher"/>

<!-- http://www.marquette.edu/estimating_ontology#ConcretePump -->

<owl:NamedIndividual rdf:about="&mueo;ConcretePump"/>

<!-- http://www.marquette.edu/estimating_ontology#GasEngineVibrator -->

<owl:NamedIndividual rdf:about="&mueo;GasEngineVibrator"/>

<!-- http://www.marquette.edu/estimating_ontology#Laborer -->

<owl:NamedIndividual rdf:about="&mueo;Laborer"/>

<!-- http://www.marquette.edu/estimating_ontology#SkilledLabor -->
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<owl:NamedIndividual rdf:about="&mueo;SkilledLabor"/>

<!-- http://www.marquette.edu/estimating_ontology#UnSkilledLabor -->

<owl:NamedIndividual rdf:about="&mueo;UnSkilledLabor"/>
</rdf:RDF>
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APPENDIX D
RDF/XML REPRESENTATION OF THE MATERIAL SUPPLIER EXAMPLE
GIVEN IN CHAPTER 5

<?xml version="1.0"?>

<!DOCTYPE rdf:RDF [
<!ENTITY qudt "http://qudt.org/vocab/unit#" >
<!ENTITY owl "http://www.w3.org/2002/07/owl#" >
<!ENTITY gr "http://purl.org/goodrelations/v1#" >
<!ENTITY xsd "http://www.w3.org/2001/XMLSchema#" >
<!ENTITY fc "http://www.freeclass.eu/freeclass_v1#" >
<!ENTITY rdfs "http://www.w3.org/2000/01/rdf-schema#" >
<!ENTITY rdf "http://www.w3.org/1999/02/22-rdf-syntax-ns#" >
<!ENTITY rst "http://www.RST_MaterialSupplierCompany.com/#" >
]>

<rdf:RDF
xmlns="http://www.semanticweb.org/0521niknamm/ontologies/2015/7/untitledontology-51#"
xml:base="http://www.semanticweb.org/0521niknamm/ontologies/2015/7/untitledontology-51"
xmlns:rdfs="http://www.w3.org/2000/01/rdf-schema#"
xmlns:owl="http://www.w3.org/2002/07/owl#"
xmlns:rst="http://www.RST_MaterialSupplierCompany.com/#"
xmlns:xsd="http://www.w3.org/2001/XMLSchema#"
xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#"

135

xmlns:gr="http://purl.org/goodrelations/v1#"
xmlns:qudt="http://qudt.org/vocab/unit#"
xmlns:fc="http://www.freeclass.eu/freeclass_v1#">
<owl:Ontology
rdf:about="http://www.semanticweb.org/0521niknamm/ontologies/2015/7/untitledontology-51"/>

<!-///////////////////////////////////////////////////////////////////////////////////////
//
// Object Properties
//
///////////////////////////////////////////////////////////////////////////////////////
-->
<!-- http://purl.org/goodrelations/v1#hasPriceSpecification -->
<owl:ObjectProperty rdf:about="&gr;hasPriceSpecification">
<rdfs:label xml:lang="en">has price specification (0..*)</rdfs:label>
<rdfs:range rdf:resource="&gr;PriceSpecification"/>
<rdfs:domain>
<owl:Class>
<owl:unionOf rdf:parseType="Collection">
<rdf:Description rdf:about="&gr;Offering"/>
<rdf:Description rdf:about="http://schema.org/Offer"/>
</owl:unionOf>
</owl:Class>
</rdfs:domain>
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</owl:ObjectProperty>

<!-- http://purl.org/goodrelations/v1#hasUnitOfMeasurement -->
<owl:ObjectProperty rdf:about="&gr;hasUnitOfMeasurement"/>

<!-- http://purl.org/goodrelations/v1#includes -->
<owl:ObjectProperty rdf:about="&gr;includes">
<rdfs:label xml:lang="en">includes (0..1)</rdfs:label>
<rdfs:domain rdf:resource="&gr;Offering"/>
<rdfs:range rdf:resource="&gr;ProductOrService"/>
</owl:ObjectProperty>

<!-- http://purl.org/goodrelations/v1#offers -->
<owl:ObjectProperty rdf:about="&gr;offers">
<rdfs:label xml:lang="en">offers (0..*)</rdfs:label>
<rdfs:range rdf:resource="&gr;Offering"/>
<rdfs:domain>
<owl:Class>
<owl:unionOf rdf:parseType="Collection">
<rdf:Description rdf:about="&gr;BusinessEntity"/>
<rdf:Description rdf:about="http://schema.org/Organization"/>
</owl:unionOf>
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</owl:Class>
</rdfs:domain>
</owl:ObjectProperty>

<!-- http://www.freeclass.eu/freeclass_v1#P_16 -->
<owl:ObjectProperty rdf:about="&fc;P_16"/>
<!-- http://www.freeclass.eu/freeclass_v1#P_E26 -->
<owl:ObjectProperty rdf:about="&fc;P_E26"/>

<!-- http://www.freeclass.eu/freeclass_v1#P_E27 -->
<owl:ObjectProperty rdf:about="&fc;P_E27"/>

<!-- http://www.freeclass.eu/freeclass_v1#P_E28 -->
<owl:ObjectProperty rdf:about="&fc;P_E28"/>

<!-- http://www.freeclass.eu/freeclass_v1#P_E29 -->
<owl:ObjectProperty rdf:about="&fc;P_E29"/>
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<!-- http://www.freeclass.eu/freeclass_v1#P_E31 -->
<owl:ObjectProperty rdf:about="&fc;P_E31"/>

<!-- http://www.freeclass.eu/freeclass_v1#P_E32 -->
<owl:ObjectProperty rdf:about="&fc;P_E32"/>
<!-- http://www.freeclass.eu/freeclass_v1#P_E52 -->
<owl:ObjectProperty rdf:about="&fc;P_E52"/>

<!-///////////////////////////////////////////////////////////////////////////////////////
//
// Data properties
//
///////////////////////////////////////////////////////////////////////////////////////
-->
<!-- http://purl.org/goodrelations/v1#hasCurrency -->
<owl:DatatypeProperty rdf:about="&gr;hasCurrency"/>
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<!-- http://purl.org/goodrelations/v1#hasCurrencyValue -->
<owl:DatatypeProperty rdf:about="&gr;hasCurrencyValue"/>
<!-///////////////////////////////////////////////////////////////////////////////////////
//
// Classes
//
///////////////////////////////////////////////////////////////////////////////////////
-->
<!-- http://purl.org/goodrelations/v1#Brand -->
<owl:Class rdf:about="&gr;Brand">
<owl:disjointWith rdf:resource="&gr;BusinessEntity"/>
<owl:disjointWith rdf:resource="&gr;Offering"/>
<owl:disjointWith rdf:resource="&gr;PriceSpecification"/>
</owl:Class>

<!-- http://purl.org/goodrelations/v1#BusinessEntity -->
<owl:Class rdf:about="&gr;BusinessEntity">
<rdfs:label xml:lang="en">Business entity</rdfs:label>
<owl:disjointWith rdf:resource="&gr;Offering"/>
<owl:disjointWith rdf:resource="&gr;PriceSpecification"/>
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<rdfs:isDefinedBy rdf:resource="http://purl.org/goodrelations/v1"/>
</owl:Class>

<!-- http://purl.org/goodrelations/v1#Offering -->
<owl:Class rdf:about="&gr;Offering">
<rdfs:label xml:lang="en">Offering</rdfs:label>
<owl:disjointWith rdf:resource="&gr;PriceSpecification"/>
<owl:disjointWith rdf:resource="&gr;ProductOrService"/>
<rdfs:isDefinedBy rdf:resource="http://purl.org/goodrelations/v1"/>
</owl:Class>

<!-- http://purl.org/goodrelations/v1#PriceSpecification -->
<owl:Class rdf:about="&gr;PriceSpecification">
<rdfs:label xml:lang="en">Price specification</rdfs:label>
<owl:disjointWith rdf:resource="&gr;ProductOrService"/>
<rdfs:comment xml:lang="en">The superclass of all price
specifications.</rdfs:comment>
<rdfs:isDefinedBy rdf:resource="http://purl.org/goodrelations/v1"/>
</owl:Class>

<!-- http://purl.org/goodrelations/v1#ProductOrService -->
<owl:Class rdf:about="&gr;ProductOrService"/>
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<!-- http://purl.org/goodrelations/v1#UnitPriceSpecification -->
<owl:Class rdf:about="&gr;UnitPriceSpecification">
<rdfs:label xml:lang="en">Unit price specification</rdfs:label>
<rdfs:subClassOf rdf:resource="&gr;PriceSpecification"/>
<rdfs:isDefinedBy rdf:resource="http://purl.org/goodrelations/v1"/>
</owl:Class>

<!-- http://schema.org/Offer -->
<owl:Class rdf:about="http://schema.org/Offer">
<rdfs:subClassOf rdf:resource="&gr;Offering"/>
</owl:Class>

<!-- http://schema.org/Organization -->
<owl:Class rdf:about="http://schema.org/Organization">
<rdfs:subClassOf rdf:resource="&gr;BusinessEntity"/>
</owl:Class>

<!-- http://www.freeclass.eu/freeclass_v1#C_A140-gen -->
<owl:Class rdf:about="&fc;C_A140-gen">
<rdfs:label xml:lang="en">ready-mix concrete [Generic Concept: This type of
goods]</rdfs:label>
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<rdfs:subClassOf rdf:resource="&gr;ProductOrService"/>
<rdfs:subClassOf rdf:resource="&fc;C_A140-tax"/>
<rdfs:comment xml:lang="en">This class subsumes all actual instances of the
following type of goods and true specializations: ready-mix concrete.</rdfs:comment>
<rdfs:isDefinedBy rdf:resource="http://www.freeclass.eu/freeclass_v1"/>
<rdfs:seeAlso
rdf:resource="http://www.freeclass.eu/?r=078$eclf$$noframe$$$$$$$$$$$$12050505$$
A140$$find$$~/./$$eclf@@"/>
</owl:Class>

<!-- http://www.freeclass.eu/freeclass_v1#C_A140-tax -->
<owl:Class rdf:about="&fc;C_A140-tax">
<rdfs:subClassOf rdf:resource="&gr;ProductOrService"/>
</owl:Class>

<!-///////////////////////////////////////////////////////////////////////////////////////
//
// Individuals
//
///////////////////////////////////////////////////////////////////////////////////////
-->
<!-- http://qudt.org/vocab/unit#CubicMeter -->
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<owl:NamedIndividual rdf:about="&qudt;CubicMeter"/>

<!-- http://www.RST_MaterialSupplierCompany.com/#ConcreteSupplier -->
<owl:NamedIndividual rdf:about="&rst;ConcreteSupplier">
<rdf:type rdf:resource="&gr;BusinessEntity"/>
<rdf:type rdf:resource="http://schema.org/Organization"/>
<gr:offers rdf:resource="&rst;Offering_1823"/>
</owl:NamedIndividual>

<!-- http://www.RST_MaterialSupplierCompany.com/#Offering_1823 -->
<owl:NamedIndividual rdf:about="&rst;Offering_1823">
<rdf:type rdf:resource="&gr;Offering"/>
<rdf:type rdf:resource="http://schema.org/Offer"/>
<gr:hasPriceSpecification rdf:resource="&rst;Offering_1823_PriceSpecification"/>
<gr:includes rdf:resource="&rst;ReadyMixConcrete_3256"/>
</owl:NamedIndividual>

<!-http://www.RST_MaterialSupplierCompany.com/#Offering_1823_PriceSpecification -->
<owl:NamedIndividual rdf:about="&rst;Offering_1823_PriceSpecification">
<rdf:type rdf:resource="&gr;UnitPriceSpecification"/>
<gr:hasCurrency>USD</gr:hasCurrency>
<gr:hasCurrencyValue>171.98</gr:hasCurrencyValue>
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<gr:hasUnitOfMeasurement rdf:resource="&qudt;CubicMeter"/>
</owl:NamedIndividual>

<!-- http://www.RST_MaterialSupplierCompany.com/#ReadyMixConcrete_3256 -->
<owl:NamedIndividual rdf:about="&rst;ReadyMixConcrete_3256">
<rdf:type rdf:resource="&fc;C_A140-gen"/>
<fc:P_16 rdf:resource="&fc;2kN/cm2"/>
<fc:P_E26 rdf:resource="&fc;S2_50-90_mm"/>
<fc:P_E31 rdf:resource="&fc;V_W101"/>
<fc:P_E32 rdf:resource="&fc;V_W106"/>
<fc:P_E52 rdf:resource="&fc;V_W167"/>
<fc:P_E27 rdf:resource="&fc;V_W87"/>
<fc:P_E28 rdf:resource="&fc;V_W91"/>
<fc:P_E29 rdf:resource="&fc;V_W95"/>
</owl:NamedIndividual>

<!-- http://www.XYZ_ConstructionCompany.com/#XYZ_ConstructionCompany -->
<owl:NamedIndividual
rdf:about="http://www.XYZ_ConstructionCompany.com/#XYZ_ConstructionCompany"
/>

<!-- http://www.freeclass.eu/freeclass_v1#2kN/cm2 -->
<owl:NamedIndividual rdf:about="&fc;2kN/cm2"/>
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<!-- http://www.freeclass.eu/freeclass_v1#S2_50-90_mm -->
<owl:NamedIndividual rdf:about="&fc;S2_50-90_mm"/>

<!-- http://www.freeclass.eu/freeclass_v1#V_W101 -->
<owl:NamedIndividual rdf:about="&fc;V_W101">
<rdfs:label xml:lang="en">XC1 constantly wet or dry</rdfs:label>
</owl:NamedIndividual>

<!-- http://www.freeclass.eu/freeclass_v1#V_W106 -->
<owl:NamedIndividual rdf:about="&fc;V_W106">
<rdfs:label xml:lang="en">XD2 wet, seldom dry</rdfs:label>
</owl:NamedIndividual>

<!-- http://www.freeclass.eu/freeclass_v1#V_W167 -->
<owl:NamedIndividual rdf:about="&fc;V_W167">
<rdfs:label xml:lang="en">CEM I</rdfs:label>
</owl:NamedIndividual>
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<!-- http://www.freeclass.eu/freeclass_v1#V_W87 -->
<owl:NamedIndividual rdf:about="&fc;V_W87">
<rdfs:label xml:lang="en">XA1 chemically attacking environment
(weak)</rdfs:label>
</owl:NamedIndividual>

<!-- http://www.freeclass.eu/freeclass_v1#V_W91 -->
<owl:NamedIndividual rdf:about="&fc;V_W91">
<rdfs:label xml:lang="en">XF1 moderate water saturation without
deicing</rdfs:label>
</owl:NamedIndividual>

<!-- http://www.freeclass.eu/freeclass_v1#V_W95 -->
<owl:NamedIndividual rdf:about="&fc;V_W95">
<rdfs:label xml:lang="en">XM1 moderate wear stress</rdfs:label>
</owl:NamedIndividual>
</rdf:RDF>
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APPENDIX E
RDF/XML REPRESENTATION OF THE SEMANTIC DESCRIPTION FOR A
CONCRETE MATERIAL SUPPLIER SEMANTIC WEB SERVICE

<?xml version="1.0"?>

<!DOCTYPE rdf:RDF [
<!ENTITY owl "http://www.w3.org/2002/07/owl#" >
<!ENTITY swrl "http://www.w3.org/2003/11/swrl#" >
<!ENTITY xsd "http://www.w3.org/2001/XMLSchema#" >
<!ENTITY rdfs "http://www.w3.org/2000/01/rdf-schema#" >
<!ENTITY rdf "http://www.w3.org/1999/02/22-rdf-syntax-ns#" >
<!ENTITY service "http://www.daml.org/services/owl-s/1.2/Service.owl#" >
<!ENTITY process "http://www.daml.org/services/owl-s/1.2/Process.owl#" >
<!ENTITY profile "http://www.daml.org/services/owl-s/1.2/Profile.owl#" >
<!ENTITY grounding "http://www.daml.org/services/owl-s/1.2/Grounding.owl#" >
<!ENTITY list "http://www.daml.org/services/owl-s/1.2/generic/ObjectList.owl#" >
<!ENTITY expr "http://www.daml.org/services/owl-s/1.2/generic/Expression.owl#" >
]>

<rdf:RDF xmlns="http://www.example.org/service.owl"
xml:base="http://www.example.org/service.owl"
xmlns:expr="http://www.daml.org/services/owl-s/1.2/generic/Expression.owl#"
xmlns:list="http://www.daml.org/services/owl-s/1.2/generic/ObjectList.owl#"
xmlns:process="http://www.daml.org/services/owl-s/1.2/Process.owl#"
xmlns:rdfs="http://www.w3.org/2000/01/rdf-schema#"
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xmlns:swrl="http://www.w3.org/2003/11/swrl#"
xmlns:grounding="http://www.daml.org/services/owl-s/1.2/Grounding.owl#"
xmlns:service="http://www.daml.org/services/owl-s/1.2/Service.owl#"
xmlns:owl="http://www.w3.org/2002/07/owl#"
xmlns:xsd="http://www.w3.org/2001/XMLSchema#"
xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#"
xmlns:profile="http://www.daml.org/services/owl-s/1.2/Profile.owl#">
<owl:Ontology rdf:about="http://www.example.org/service.ow">
<owl:imports
s/1.2/Grounding.owl"/>

rdf:resource="http://www.daml.org/services/owl-

<owl:imports rdf:resource="http://www.daml.org/services/owl-s/1.2/Profile.owl"/>
<owl:imports rdf:resource="http://www.daml.org/services/owl-s/1.2/Service.owl"/>
</owl:Ontology>

<!-///////////////////////////////////////////////////////////////////////////////////////
//
// Object Properties
//
///////////////////////////////////////////////////////////////////////////////////////
-->

<!-- http://www.example.org/service.ow#p_E16 -->
<owl:ObjectProperty rdf:about="http://www.example.org/service.ow#p_E16"/>
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<!-- http://www.example.org/service.ow#p_E26 -->
<owl:ObjectProperty rdf:about="http://www.example.org/service.ow#p_E26"/>

<!-- http://www.example.org/service.ow#p_E27 -->
<owl:ObjectProperty rdf:about="http://www.example.org/service.ow#p_E27"/>

<!-- http://www.example.org/service.ow#p_E28 -->
<owl:ObjectProperty rdf:about="http://www.example.org/service.ow#p_E28"/>

<!-- http://www.example.org/service.ow#p_E29 -->
<owl:ObjectProperty rdf:about="http://www.example.org/service.ow#p_E29"/>

<!-- http://www.example.org/service.ow#p_E31 -->
<owl:ObjectProperty rdf:about="http://www.example.org/service.ow#p_E31"/>

<!-- http://www.example.org/service.ow#p_E32 -->
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<owl:ObjectProperty rdf:about="http://www.example.org/service.ow#p_E32"/>

<!-- http://www.example.org/service.ow#p_E52 -->
<owl:ObjectProperty rdf:about="http://www.example.org/service.ow#p_E52"/>

<!-///////////////////////////////////////////////////////////////////////////////////////
//
// Classes
//
///////////////////////////////////////////////////////////////////////////////////////
-->

<!-- http://purl.org/goodrelations/v1#Qualitative -->
<owl:Class rdf:about="http://purl.org/goodrelations/v1#Qualitative"/>

<!-- http://www.example.org/service.ow#ReadyMixConcrete -->
<owl:Class rdf:about="http://www.example.org/service.ow#ReadyMixConcrete">
<rdfs:subClassOf>
<owl:Restriction>
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<owl:onProperty rdf:resource="http://www.example.org/service.ow#p_E29"/>
<owl:someValuesFrom
rdf:resource="http://purl.org/goodrelations/v1#Qualitative"/>
</owl:Restriction>
</rdfs:subClassOf>
<rdfs:subClassOf>
<owl:Restriction>
<owl:onProperty rdf:resource="http://www.example.org/service.ow#p_E52"/>
<owl:someValuesFrom
rdf:resource="http://purl.org/goodrelations/v1#Qualitative"/>
</owl:Restriction>
</rdfs:subClassOf>
<rdfs:subClassOf>
<owl:Restriction>
<owl:onProperty rdf:resource="http://www.example.org/service.ow#p_E26"/>
<owl:someValuesFrom
rdf:resource="http://purl.org/goodrelations/v1#Qualitative"/>
</owl:Restriction>
</rdfs:subClassOf>
<rdfs:subClassOf>
<owl:Restriction>
<owl:onProperty rdf:resource="http://www.example.org/service.ow#p_E32"/>
<owl:someValuesFrom
rdf:resource="http://purl.org/goodrelations/v1#Qualitative"/>
</owl:Restriction>
</rdfs:subClassOf>
<rdfs:subClassOf>
<owl:Restriction>
<owl:onProperty rdf:resource="http://www.example.org/service.ow#p_E16"/>
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<owl:someValuesFrom
rdf:resource="http://purl.org/goodrelations/v1#Qualitative"/>
</owl:Restriction>
</rdfs:subClassOf>
<rdfs:subClassOf>
<owl:Restriction>
<owl:onProperty rdf:resource="http://www.example.org/service.ow#p_E27"/>
<owl:someValuesFrom
rdf:resource="http://purl.org/goodrelations/v1#Qualitative"/>
</owl:Restriction>
</rdfs:subClassOf>
<rdfs:subClassOf>
<owl:Restriction>
<owl:onProperty rdf:resource="http://www.example.org/service.ow#p_E28"/>
<owl:someValuesFrom
rdf:resource="http://purl.org/goodrelations/v1#Qualitative"/>
</owl:Restriction>
</rdfs:subClassOf>
<rdfs:subClassOf>
<owl:Restriction>
<owl:onProperty rdf:resource="http://www.example.org/service.ow#p_E31"/>
<owl:someValuesFrom
rdf:resource="http://purl.org/goodrelations/v1#Qualitative"/>
</owl:Restriction>
</rdfs:subClassOf>
<rdfs:comment>This is a class to represent ready mix conceret</rdfs:comment>
</owl:Class>

<!--
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///////////////////////////////////////////////////////////////////////////////////////
//
// Individuals
//
///////////////////////////////////////////////////////////////////////////////////////
-->
<!-- http://www.example.org/service.ow#Concrete -->
<owl:NamedIndividual rdf:about="http://www.example.org/service.ow#Concrete">
<rdf:type rdf:resource="&process;Input"/>
<rdfs:label>Concrete</rdfs:label>
<process:parameterType
rdf:datatype="&xsd;anyURI">http://www.w3.org/2002/07/owl#Thing</process:paramet
erType>
</owl:NamedIndividual>

<!-- http://www.example.org/service.ow#getUnitcostAtomicProcessGrounding -->
<owl:NamedIndividual
rdf:about="http://www.example.org/service.ow#getUnitcostAtomicProcessGrounding">
<rdf:type rdf:resource="&grounding;WsdlAtomicProcessGrounding"/>
<grounding:wsdlInputMessage
rdf:datatype="&xsd;anyURI">http://ConcreteWS1/#getUnitcost</grounding:wsdlInputM
essage>
<grounding:wsdlOutputMessage
rdf:datatype="&xsd;anyURI">http://ConcreteWS1/#getUnitcostResponse</grounding:ws
dlOutputMessage>
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<grounding:wsdlDocument
rdf:datatype="&xsd;anyURI">http://localhost:8080/ConcreteWebService1/ConcreteWS1
?WSDL</grounding:wsdlDocument>
<grounding:owlsProcess
rdf:resource="http://www.example.org/service.ow#getUnitcostProcess"/>
<grounding:wsdlOutput>
<rdf:Description>
<rdf:type rdf:resource="&grounding;WsdlOutputMessageMap"/>
<grounding:wsdlMessagePart>http://localhost:8080/ConcreteWebService1/ConcreteWS1
?WSDL#return</grounding:wsdlMessagePart>
<grounding:owlsParameter
rdf:resource="http://www.example.org/service.ow#return"/>
</rdf:Description>
</grounding:wsdlOutput>
<grounding:wsdlOperation>
<rdf:Description>
<rdf:type rdf:resource="&grounding;WsdlOperationRef"/>
<grounding:operation
rdf:datatype="&xsd;anyURI">http://localhost:8080/ConcreteWebService1/ConcreteWS1
?WSDL#getUnitcost</grounding:operation>
</rdf:Description>
</grounding:wsdlOperation>
<grounding:wsdlInput>
<rdf:Description>
<rdf:type rdf:resource="&grounding;WsdlInputMessageMap"/>
<grounding:xsltTransformationString>
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&lt;xsl:stylesheet
version=&quot;1.0&quot;
xmlns:xsl=&quot;http://www.w3.org/1999/XSL/Transform&quot;
xmlns:rdf=&quot;http://www.w3.org/1999/02/22-rdf-syntax-ns#&quot;
xmlns:MyService=&quot;http://www.freeclass.eu/freeclass_v1#&quot;
xmlns=&quot;urn:ch:unibas:dbis:services&quot;&gt;
&lt;xsl:template match=&quot;//MyService:ReadyMixConcrete&quot;&gt;
&lt;xsl:variable
select=&quot;MyService:p_E52/@rdf:resource&quot;/&gt;

name=&quot;X1&quot;

&lt;xsl:variable
select=&quot;MyService:p_E27/@rdf:resource&quot;/&gt;

name=&quot;X2&quot;

&lt;xsl:variable
select=&quot;MyService:p_E31/@rdf:resource&quot;/&gt;

name=&quot;X3&quot;

&lt;xsl:variable
select=&quot;MyService:p_E32/@rdf:resource&quot;/&gt;

name=&quot;X4&quot;

&lt;xsl:variable
select=&quot;MyService:p_E28/@rdf:resource&quot;/&gt;

name=&quot;X5&quot;

&lt;xsl:variable
select=&quot;MyService:p_E29/@rdf:resource&quot;/&gt;

name=&quot;X6&quot;

&lt;xsl:variable
select=&quot;MyService:p_E26/@rdf:resource&quot;/&gt;

name=&quot;X7&quot;

&lt;xsl:variable
select=&quot;MyService:p_E16/@rdf:resource&quot;/&gt;

name=&quot;X8&quot;

&lt;ReadyMixConcrete&gt;
&lt;p_E52&gt;
&lt;xsl:value-of
after($X1,&apos;#&apos;)&quot;/&gt;

select=&quot;substring-

&lt;/p_E52&gt;
&lt;p_E27&gt;
&lt;xsl:value-of
after($X2,&apos;#&apos;)&quot;/&gt;
&lt;/p_E27&gt;

select=&quot;substring-
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&lt;p_E31&gt;
&lt;xsl:value-of
after($X3,&apos;#&apos;)&quot;/&gt;

select=&quot;substring-

&lt;/p_E31&gt;
&lt;p_E32&gt;
&lt;xsl:value-of
after($X4,&apos;#&apos;)&quot;/&gt;

select=&quot;substring-

&lt;/p_E32&gt;
&lt;p_E28&gt;
&lt;xsl:value-of
after($X5,&apos;#&apos;)&quot;/&gt;

select=&quot;substring-

&lt;/p_E28&gt;
&lt;p_E29&gt;
&lt;xsl:value-of
after($X6,&apos;#&apos;)&quot;/&gt;

select=&quot;substring-

&lt;/p_E29&gt;
&lt;p_E26&gt;
&lt;xsl:value-of
after($X7,&apos;#&apos;)&quot;/&gt;

select=&quot;substring-

&lt;/p_E26&gt;
&lt;p_E16&gt;
&lt;xsl:value-of
after($X8,&apos;#&apos;)&quot;/&gt;
&lt;/p_E16&gt;
&lt;/ReadyMixConcrete&gt;
&lt;/xsl:template&gt;

select=&quot;substring-
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&lt;/xsl:stylesheet&gt;
</grounding:xsltTransformationString>
<grounding:wsdlMessagePart>http://localhost:8080/ConcreteWebService1/ConcreteWS1
?WSDL#Concrete</grounding:wsdlMessagePart>
<grounding:owlsParameter
rdf:resource="http://www.example.org/service.ow#Concrete"/>
</rdf:Description>
</grounding:wsdlInput>
</owl:NamedIndividual>

<!-- http://www.example.org/service.ow#getUnitcostGrounding -->
<owl:NamedIndividual
rdf:about="http://www.example.org/service.ow#getUnitcostGrounding">
<rdf:type rdf:resource="&grounding;WsdlGrounding"/>
<grounding:hasAtomicProcessGrounding
rdf:resource="http://www.example.org/service.ow#getUnitcostAtomicProcessGrounding
"/>
<service:supportedBy
rdf:resource="http://www.example.org/service.ow#getUnitcostService"/>
</owl:NamedIndividual>

<!-- http://www.example.org/service.ow#getUnitcostProcess -->
<owl:NamedIndividual
rdf:about="http://www.example.org/service.ow#getUnitcostProcess">
<rdf:type rdf:resource="&process;AtomicProcess"/>
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<rdfs:label>getUnitcostProcess</rdfs:label>
<process:hasInput rdf:resource="http://www.example.org/service.ow#Concrete"/>
<service:describes
rdf:resource="http://www.example.org/service.ow#getUnitcostService"/>
<process:hasOutput rdf:resource="http://www.example.org/service.ow#return"/>
</owl:NamedIndividual>

<!-- http://www.example.org/service.ow#getUnitcostProfile -->
<owl:NamedIndividual
rdf:about="http://www.example.org/service.ow#getUnitcostProfile">
<rdf:type rdf:resource="&profile;Profile"/>
<profile:serviceName>getUnitcost</profile:serviceName>
<profile:textDescription>Auto
generated
from
http://localhost:8080/ConcreteWebService1/ConcreteWS1?WSDL</profile:textDescripti
on>
<profile:hasInput rdf:resource="http://www.example.org/service.ow#Concrete"/>
<service:presentedBy
rdf:resource="http://www.example.org/service.ow#getUnitcostService"/>
<profile:hasOutput rdf:resource="http://www.example.org/service.ow#return"/>
</owl:NamedIndividual>

<!-- http://www.example.org/service.ow#getUnitcostService -->
<owl:NamedIndividual
rdf:about="http://www.example.org/service.ow#getUnitcostService">
<rdf:type rdf:resource="&service;Service"/>
<service:supports
rdf:resource="http://www.example.org/service.ow#getUnitcostGrounding"/>

159

<service:describedBy
rdf:resource="http://www.example.org/service.ow#getUnitcostProcess"/>
<service:presents
rdf:resource="http://www.example.org/service.ow#getUnitcostProfile"/>
</owl:NamedIndividual>

<!-- http://www.example.org/service.ow#return -->
<owl:NamedIndividual rdf:about="http://www.example.org/service.ow#return">
<rdf:type rdf:resource="&process;Output"/>
<rdfs:label>return</rdfs:label>
<process:parameterType
rdf:datatype="&xsd;anyURI">http://www.w3.org/2001/XMLSchema#string</process:pa
rameterType>
</owl:NamedIndividual>
</rdf:RDF>

